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Abstract 
 
 The chemistry of nitroalkenes and nitroalkanes has been explored with regard to 
synthesis of nitrogen-containing heterocycles, including 3-sustituted azepanes and 1-
azoniapropellanes.  
      A general synthesis of 3-sustituted azepanes has been developed using nitroalkenes as 
building blocks. A novel, vinylogous, conjugate addition reaction of an acylsilane-derived dienol 
ether to nitroalkenes was discovered. Reaction conditions were optimized for a number of β-
substituted nitroalkenes. Nitro acylsilanes as the conjugate adducts were obtained in good to 
moderate yield. Nitro acylsilanes were converted to the corresponding enals through a 
photoinduced protodesilylation. Saturation of the olefinic portion of the enals and subsequent 
reductive aminations afforded the 3-sustituted azepanes, which were protected as N-tosylamides. 
Using this streamlined process, a number of 3-sustituted azepanes were obtained in good yield. 
      Efficient synthesis of chiral, enantiopure 1-azoniapropellanes as phase transfer catalysts 
has been developed. In the first method, the tandem [4+2]/[3+2] cycloaddition of nitroalkene was 
applied as the key step, wherein a chiral, enantiopure vinyl ether, a nitroalkene and a vinyl 
ketone were rapidly assembled. The resulting enantiopure nitroso acetals were then elaborated 
into 1-azoniapropellanes. Four azoniapropellanes were prepared using this method. Another 
method was developed using the conjugate addition of nitroalkanes to Michael acceptors as the 
key strategy. Stereochemical control was achieved by the application of Corey-Itsuno reduction 
of the nitro diketone intermediate. Starting from nitromethane and β-chloropropiophenone, rapid 
access to 2,8-diphenyl-1-azoniapropellane and 2,8,9-triphenyl-1-azoniapropellane was 
accomplished . 
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Introduction Chapter 1 
 
1.1. The Nitro Functionality 
Nitrogen-containing heterocycles (N-heterocycles) have tremendous applications in 
pharmaceutical and material sciences.1 Their construction obviously requires the introduction of 
a nitrogen-containing moiety through carbon-carbon and carbon-nitrogen bond formation 
reactions. Due to their rich chemical reactivity, nitro compounds play significant roles as 
building blocks in the synthesis of N-heterocycles.2 
Possessing the nitro group as a unique structural and electronic feature, nitro compounds 
exhibit a series of interesting physical and chemical properties. Nitro group is well known for its 
excellent electron-withdrawing power, manifesting itself in a series of structural aspects of nitro 
compounds. The significant dipole moment (3.46D) of nitromethane1 clearly indicates the strong 
polarization through the C-N bond. The inductive electron-withdrawing effect has also been 
demonstrated in the enhancement of the strength of a series of alicyclic acids by the introduction 
of a nitro group.3 This pronounced effect is again indicated by the large Hammett Substituent 
constants (0.78) of the nitro group at the para position of a benzene ring. 4  The electron-
withdrawing power of nitro group exerts significant influence on the electronic properties of its 
neighboring carbon skeletons. High acidity of the proton at the α position is generally observed 
in nitroalkanes.5 A stabilized alkyl anions adjacent to a nitro group constitutes a rich source of 
carbon nucleophiles. A nitro group also activates an alkene in conjugation by rendering it highly 
electron-deficient.6 
The nitro group can be converted to a wide range of other useful functional groups.1 
Notably, the nitro group can easily be reduced to different oxidation stages and lead to the 
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formation of oximes, hydroxylamines, and amines.1 These reactive nitrogen functionalities 
provide further opportunities for the constructions of N-heterocycles. 
The versatile reactivities stem from the nucleophilic and electrophilic properties of nitro 
compounds and their potential as precursors of other functionalities naturally qualify 
nitroalkanes and nitroalkenes as valuable building blocks and reactive intermediates for organic 
synthesis. This chapter focuses on their active roles in carbon-carbon bond forming reactions and 
their applications relevant to the synthesis of N-heterocycles. 
 
1.2. Nitroalkanes as Reactive Intermediates in the Synthesis of N-heterocycles 
Different from the broadly applied nitration of aromatic compounds, the nitration of 
hydrocarbons is only used for the production of structurally simple nitroalkanes in industry. For 
laboratory preparations, the reaction of alkyl halides and metal nitrites1 are the most common 
method to access nitroalkanes in generally good to moderate yields, despite the generation of 
alkyl nitrites as side products. 
The acidic α-proton of a nitroalkane can be conveniently removed by a wide variety of 
mild bases.1 As typical carbon-centered nucleophiles, the nitronate anions thus generated can be 
engaged in the reaction with eletrophiles to effect carbon-carbon bond forming reactions. 
Addition reactions of nitroalkanes are of particular interest. Nitro aldol (Henry) reaction 7 
involves the addition of a nitroalkane to an aldehyde or sometimes ketone in the presence of a 
base as catalyst. The recent development of catalytic, enantioselective Henry reaction8 renders 
this old method even more powerful. The 2-nitro alcohol thus generated is a useful precursor for 
the synthesis of a variety of highly useful compounds, including nitroalkenes (Scheme 1.1).9  
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In a synthesis of the of a glycosidase inhibitor, Henry reaction is utilized to assemble 
adduct 3 from aldehyde 1 and nitroalkane 2. Reduction of the nitro group and simultaneous 
removal of the benzyl group affords the aminopolyol 4. Selective activation of the primary 
alcohol followed by cyclization conveniently furnishes the desired product 5 (Scheme 1.2).10 
 
Scheme 1.2 
 
 
In the presence of a wide range of bases, nitroalkanes undergo conjugate addition into a 
range of Michael acceptors (Scheme 1.3).2, 11 The degree of α-alkylation of nitroalkanes bearing 
multiple acidic α-protons can be controlled by the stoichiometries of Michael acceptors and the 
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exact reaction conditions. Mild bases such as amberlyst or basic alumina can give rise to primary 
nitroalkanes from nitromethane, or secondary nitroalkanes from primary ones. Stronger bases 
and elevated temperature can effect the formation of tertiary nitroalkanes.2 
 
Scheme 1.3 
 
 
Notably, the 1,4-relation between the nitro and the carbonyl group and/or nitrile in the 
conjugate adduct provides particularly convenient handles to construct 5-membered N-
heterocyles through intramolecular cyclization. This power of this strategy has been 
demonstrated in the efficient synthesis of monocyclic compounds such as nitrone 9, pyrroline 10 
and pyrrolidine 11 (Scheme 1.4).12 
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A rapid construction of bicyclic pyrrolizidines was demonstrated by Hesse and co-
workers.13 Nitromethane was employed to react with two vinyl ketones sequentially under the 
same conditions to afford nitro diketone 14, which, under controlled conditions, led to the 
selective formation of xenovenine 15 as the major diastereomer (Scheme 1.5). Interestingly, 
isotopic labeling studies has proven that the nitrogen from ammonium acetate was completely 
incorporated into 15, indicating the formation of a transient triketone intermediate which further 
underwent reductive amination.  
 
Scheme 1.5 
 
 
The development of enantioselective conjugation addition of nitroalkanes to prochiral 
Michael acceptors has so far met with only limited success.2 The potential of this method has 
been demonstrated in the asymmetric synthesis of (S)-rolipram (Scheme 1.6). 14  A proline 
derivative 17 effectively promoted the conjugate addition of nitromethane to enal 16 with 
excellent enantioselectivity. Simple elaboration of the adduct furnished the lactone as the desired 
product. 
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Scheme 1.6 
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1.3. Nitroalkenes as Reactive Intermediates in the Synthesis of N-heterocycles 
1.3.1. Preparation of Nitroalkenes 
As previously described, nitroalkenes can be conveniently prepared starting from readily 
available nitroalkanes and aldehydes or ketones in a well controlled fashion.5 Another method 
converts a nitroalkane into the corresponding nitroalkene by α-selenenylation and subsequent 
oxidative elimination of selenium(Scheme 1.7).15 
 
Scheme 1.7 
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Preparation of nitroalkene can be achieved by nitroiodination16 or nitromercuration17 of 
alkenes and subsequent elimination. Nitroselenenylation/oxidation sequence18   also converts 
alkenes to nitroalkenes (Scheme 1.8). 
 
Scheme 1.8 
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1.3.2. Nitroalkenes as Michael Acceptors 
Nitroalkenes readily undergo conjugate addition reactions with a variety of 
nucleophiles.13 A general synthesis of substituted pyrroles is accomplished by the condensation 
of 1,3-dicarbonyl compounds with nitroalkenes (Scheme 1.9).19  
 
Scheme 1.9 
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An interesting nitroalkene bearing a pivalate as a leaving group was introduced by 
Seebach and co-workers. As a powerful nitroallylating reagent, nitropropene 24 can couple with 
two nucleophiles consecutively. This reagent allows for a convergent synthesis of γ-lactams 
(Scheme 1.10).20 
 
Scheme 1.10 
 
 
1.3.3. Nitroalkenes as Heterodienes 
[4+2] Cycloaddition between a diene and a dienophile, namely the Diels-Alder reaction,21 
has become one of the most widely utilized transformations in organic chemistry. As electron 
deficient alkenes, nitroalkenes are highly reactive dienophiles in Diels-Alder reactions and have 
found their wide applications in the synthesis of carbocycles.6 On the other hand, the [4+2] 
cycloaddition of an aza-heterodiene allows for a direct construction of N-heterocycles.22 With 
one of the N-O bond serving as part of the 4π component, a nitroalkene can undergo [4+2] 
cycloaddition as an electron-deficient aza-heterodiene.  
When engaged in reactions with nitroalkenes, enamines give rise to [4+2] and/or [2+2] 
cycloadducts. 23  More often, conjugate adducts are isolated after hydrolysis with high 
diastereomeric enrichment (Scheme 1.11).24 
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Scheme 1.11 
 
 
Ynamines have been employed to react with nitroalkenes.25 4-Membered cyclic nitrones 
were obtained, presumably through a ring contraction reaction of intermediates such as 35, 
which was the direct product arising from the [4+2] cycloaddition. This reaction, however, 
suffered from low yields and lack of generality (Scheme 1.12). 
 
Scheme 1.12 
 
 
            When activated by a Lewis acid, a nitroalkene can undergo inverse electron demand [4+2] 
cycloaddition with an enol ether to generate a cyclic nitronate.26 Denmark and co-workers have 
demonstrated the utility of this transformation for the stereoselective synthesis of pyrrolidines 
(Scheme 1.13). 27  Vinyl ether 38 bearing a chiral auxiliary was employed to react with 
nitroalkene 37 to effect a highly diastereoselective [4+2] cycloaddition. The resulting nitronate 
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was then converted to a pyrrolidine under catalytic hydrogenolysis conditions. The tosylated 
derivative 40 was isolated in good yields after simple elaboration. The chiral auxiliary was also 
recovered in good yield. 
 
Scheme 1.13 
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1.4 Tandem [4+2]/[3+2] Cycloadditions 
1.4.1 Modes of Tandem Cycloadditions 
Nitronates are known to undergo dipolar cycloaddition with electron-deficient 
dipolarophiles, typically alkenes bearing electron-withdrawing groups.28  The complementary 
electronic properties of the dienophile and dipolarophile allow for the set up of the two 
cycloadditions in a tandem fashion.29 In this process, four new bonds are formed and up to six 
stereogenic centers are creating, resulting in a rapid increase in molecular complexity (Scheme 
1.14).  
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Scheme 1.14 
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Four different classes of tandem reactions can arise from the four possible inter- and 
intramolecular combinations of the two cycloadditions, each giving rise to nitroso acetals with 
complementary structural motifs. 30  Rapidly assembling three separate reacting partners, the 
intermolecular [4+2]/intermolecular [3+2] strategy naturally stands as the most convergent and 
flexible approach (Scheme 1.15) 
 
Scheme 1.15 
 
 
   Within the two subclasses involving intramolecular [3+2] cycloadditions, another level 
of variation can be achieved by tethering the dipolarophile at different positions of the 
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nitroalkene and/or the dienophile (Scheme 1.16). Spiro-, fused- and bridged tricyclic nitroso 
acetals can be obtained.29, 31 
 
Scheme 1.16 
 
 
1.4.2 Stereochemical Issues 
 Because highly functionalized nitroso acetals bearing multiple stereocenters are 
constructed through the tandem [4+2]/[3+2] cycloadditions, a number of stereochemical issues 
arise from the two processes.  A stereocontrolled synthesis requires a number of factors to be 
addressed, including the regioselectivity, the stereoselectivity, and the facial selectivity of the 
reaction (Figure 1.1).  
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Figure 1.1. Stereochemical issues for the tandem [4+2]/[3+2] cycloaddition. 
             
            On the basis of frontier molecular orbital theory,32 the most relevant orbital interaction in 
the inverse electron demand [4+2] cycloadditions takes place between the HOMO of the 
dienophile and the LUMO of the nitroalkene. Since the coefficients of the involved orbitals are 
largest at the β-carbons of each reacting partners, the head-to-head regioselectivity should be 
strongly favored, which is in good accordance with experimental observations.28 
            Lewis acids are not only effective promotors for the [4+2] cycloadditions, but also 
strongly influence the diastereoselectivity of this process.33 For example, tin tetrachloride and 
aluminum Lewis acids bearing bulky ligands generally lead to exo selectivity. Titanium 
dichloride diisopropoxide uniquely gives rise to high endo-selective cycloadditions. 
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In order to control facial selectivity in the [4+2] cycloadditions, the employment of chiral 
Lewis acids has meet with limited success.34 However, high facial discrimination can be realized 
when a chiral auxiliary is incorporated into the dienophile.35 
 The regioselectivity of the [3+2] cycloaddition depends on the structure of the 
dipolarophile.27 Monosubstituted dipolarophiles react with the nitronates in exclusive head-to-
head fashion. However, when 1,2-disubstituted alkenes are engaged as dipolarophiles, the 
regioselectivity is dependent on the nature of the β-substituent of the dipolarophile. 36 
Quantitatively, the observed selectivity correlates well to the distribution of charge densities at 
the α and β carbons of the olefin.37 
 The diastereoselectivity in intramolecular [3+2] cycloaddition can be influenced by the 
length and position of the tether.29a The facial selectivity can also be constrained if the tether is 
attached to a stereogenic carbon center. In intermolecular [3+2] cycloaddition, however, the 
stereochemical outcomes are generally sensitive to steric factors.27 The direction and level of 
diastereoselectivity largely depend on the specific structure of the dipolarophile and the nitronate. 
The existing stereogenic centers at the nitronate exert significant influence on the facial 
selectivity of the intermolecular [3+2] cycloaddition.  
 
1.4.3 Applications of Tandem Cycloadditions 
          As nitroso acetals can be synthesized through tandem [4+2]/[3+2] cycloadditions of 
nitroalkenes with high level of stereochemical control, the transformation of this class of highly 
functionalized intermediates to other valuable compounds have been investigated.  
Heterogeneous catalytic hydrogenolysis is a powerful method to effect transformations of nitroso 
acetals. In the presence of Raney nickel under elevated hydrogen pressure, nitroso acetal 42 is 
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converted in a single operation to pyrrolizidinone 43, the precursor of the natural product (–)-
hastanecine (Scheme 1.17). 38  Presumably, the hydrogenolytic cleavage the N-O bonds, 
subsequent reductive amination and finally lactamization are involved in this transformation.  
 
Scheme 1.17 
 
 
The unmasking of a nucleophilic amino moiety is crucial for this powerful 
hydrogenolysis process. If appropriate leaving groups can be installed onto the nitroso acetal, 
subsequent processes can take place and give rise to a variety of cyclic structures and substituent 
patterns. This approach has been exemplified in the total synthesis of (–)-7-epiaustraline and (–)-
1-epicastanospermine (Scheme 1.18).39 Dipolarophile 46 bearing a siloxy ketone moiety was 
employed to react with the chiral, non-racemic nitronate 45. An internal alkylating reagent was 
generated through the diastereoselective reduction of the ketone moiety in the nitroso acetal 47 
followed by a selective activation of one of the alcohols. Under hydrogenolysis conditions, 
precursors 49 and 52 each afforded a 5- and 6-membered ring, respectively.  
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Scheme 1.18 
 
 
1.5. Research Objectives 
            Although intensively investigated, the rich chemistry of nitroalkanes and nitroalkenes 
leaves ample opportunity for creative explorations and applications in the realm of synthetic 
chemistry. Chapter 2 will focus on development of new reactivities of nitroalkenes and the 
applications in the construction of 7-membered N-heterocycles. In Chapter 3, known synthetic 
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methods utilizing nitroalkenes and nitroalkanes as building blocks will be applied in the 
synthesis of a rare class of tricyclic quaternary ammonium salts as phase-transfer catalysts. 
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Synthesis of 3-Substituted Azepanes Chapter 2 
 
2.1. Introduction 
The class of 7-membered, saturated N-heterocycles, known as azepanes, is an important 
structural motif found in a variety of medicinal compounds.40 Not surprisingly, azepanes have 
attracted much interest and their synthesis has been the subject of intensive study.38 A classic 
method to obtain azepanes is through the reduction of the corresponding caprolactams.38 The 
Beckmann rearrangement provides a versatile method to construct caprolactams from oximes,41 
whereas the Schmidt reaction provides an important complement in terms of regioselectivity.42 
Unfortunately, these two methods, although generally efficient, often generate a mixture of 
constitutional isomers. 43  Other ring expansion 44  or rearrangement 45  reactions allow for the 
formation of 7-membered nitrogen-containing heterocycles from 3, 4, 5, 6 and 8-membered rings 
with limited success.  
Ring formation processes provide alternative strategies to construct azepanes and their 
unsaturated analogues. The annulation of azadienes with Fischer carbene complexes allows for 
the asymmetric construction of highly substituted 7-membered heterocycles. 46  Ring-closing 
metathesis has also been applied in azepane synthesis.47 Although useful, these methods often 
have limited substrate scope and the preparation of the requisite starting materials is not trivial. 
Numerous cyclization reactions43 including nitrogen alkylation, lactamization, or reductive 
amination processes effect direct construction of 7-membered rings. However, due to the 
intrinsic difficulty of cyclization caused by ring strain along with entropic effects, the scope of 
these reactions is often limited and yields are often unsatisfactory. Recently, an asymmetric 
synthesis of polysubstituted azepanes was reported by Beak and co-workers.48 Nevertheless, a 
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general approach for the synthesis of azepanes with variable substituents from easily accessible 
starting materials remains a challenge. 
 
2.2. Background 
2.2.1. Synthetic Design 
Over the past few years Denmark and co-workers have intensively investigated and 
developed the Lewis acid promoted [4+2] cycloaddition of enol ethers and nitroalkenes.27 
Combined with the dipolar cycloaddition reactions of nitronates28, the tandem [4+2]/[3+2] 
becomes a powerful synthetic tool.29 A wide range of monocyclic, fused and spirocyclic nitrogen 
containing compounds can be synthesized by this method.  While this method is particularly 
suitable for the construction of 5-membered N-heterocycles, it has also been applied in the total 
synthesis of natural products containing 6-memebered N-heterocyclic moieties.38, 49 
The proven versatility and tremendous potential of nitroalkenes led us to consider 
expanding their role in the synthesis of N-heterocycles. It is envisioned that an interesting 
extension of nitroalkene chemistry can potentially enable a general construction of 7-membered 
N-heterocycles. A conjugated dienol ether such as 56 can potentially undergo cycloaddition or 
conjugate addition to nitroalkene 55, affording nitronate 57 or nitro aldehyde 59.  These 
intermediates provide an opportunity for the synthesis of azepane 61 or its derivative 59 through 
reduction of the nitro group followed by intramolecular reductive amination of the carbonyl 
group or the enol ether. Substitution could be introduced into the azepane 62 via structural 
variations of nitroalkene 63 and dienol ether 64 (Scheme 2.1). 
 
 
  
 
20
Scheme 2.1 
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2.2.2. Peri- and Site Selectivity Issues 
As discussed above, it is crucial for the success of this strategy to install the nitro and 
carbonyl functionalities in a 1,6-relationship in the azepane precursor 58 or 60.  However, 
reaction pathways leading to these desired products are not guaranteed as nitroalkenes and dienol 
ethers are engaged as reacting partners.  
The first possible undesired pathway is the Diels-Alder reaction between dienol ether 56 
and nitroalkene 55 (Scheme 2.2). This reaction under thermal conditions is well known since 
nitroalkenes are highly reactive dienophiles.50 As the result of a carbon-carbon bond forming 
event at C(1) of the dienol ether, cycloadduct 65 irreversibly loses the carbonyl functionality, and 
therefore, is not an appropriate precursor of azepanes.  
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Scheme 2.2 
 
 
The inverse electron demand [4+2] cycloaddition in which a dienol ether reacts as the 
dienophile with a nitroalkene as the heterodiene finds no precedent. It has been demonstrated, 
however, that this mode of reaction can be effected between a nitroalkene and a cyclic 1,3-diene. 
As shown in Scheme 2.3, tin tetrachloride promotes the cycloaddition of 1,3-cyclohexadiene (66) 
and 2-nitrostyrene (28) to afford nitronate 67 as the only product. 51 This transformation indicates 
that the desired periselectivities may be garnered by the proper choice of Lewis acid activator 
and diene.  
 
Scheme 2.3 
 
 
Site selectivity raises another concern. The internal double bond in the dienol ether 56 
can also function as the dienophile and thus lead to the formation of nitronate 68. On the other 
hand, dienol ether 56 can also undergo α-addition to a nitroalkene and give rise to nitro aldehyde 
69 (Scheme 2.4). Neither of the products arising form these two pathways is a useful precursors 
of an azepane. 
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Scheme 2.4 
 
 
Fortunately, when engaged in a reaction with eletrophiles, a dienol ether exhibits higher 
reactivity at the γ position. Mukaiyama and co-workers reported a vinylogous aldol reaction 
wherein silyl dienol ether 71 was employed to react with dimethyl acetal 70 in the presence of 
titanium tetrachloride and exclusive γ-selectivity was observed (Scheme 2.5).52  
 
Scheme 2.5 
 
 
Theoretical calculations49, 53  suggested a plausible correlation between the observed 
higher reactivity at the γ site of a dienol ether and its HOMO orbital coefficient. In alkyl dienol 
ether 73 (Figure 2.1), the HOMO orbital coefficient is larger at C(4) than that at C(2), although 
only marginally. This trend is more pronounced in silyl dienol ether 74 (Figure 2.1).  It is not 
unreasonable to propose that the cycloaddition or conjugate addition to a nitroalkene will take 
place at the more reactive γ site of the dienol ether, if these reactions are under frontier orbital 
control.31   
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Figure 2.1. Calculated HOMO coefficients of dienol ethers. 
 
In spite of these encouraging precedents, there remain challenges to realize the new 
modes of reactions as designed.  It was then expected that one of the major challenges would be 
to find the appropriate type of dienol ether substrates and reaction conditions that effect the 
desired selectivity and afford the products suitable for elaboration into azepanes.   
 
2.3. Addition of Aldehyde-Derived Dienol Ethers to Nitroalkenes 
2.3.1. Results  
It was then expected that properties of Lewis acid and subtle structural features of dienol 
ether may exert significant influence on the outcome of the reactions. To gain insights into these 
effects, representative candidates must be chosen. Although a wide range of Lewis acids is 
known to be coordinate nitroalkenes, only a subclass of them has been demonstrated to 
efficiently activate nitroalkenes towards the reaction with electron rich dipolarophiles.38 Thus, 
the three most commonly used Lewis acids were chosen, including trimethylaluminum (Me3Al), 
titanium dichloride diisopropoxide (TiCl2(Oi-Pr)2), and tin tetrachloride (SnCl4). Each of these 
Lewis acids provides a unique binding mode, and they cover a wide range of reactivity as 
promotors in [4+2] cycloadditions of nitroalkenes and alkenol ethers.54  
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(E)-Silyl dienol ether 71 was an obvious first choice, due to its ease of preparation and its 
successful application in the vinylogous aldol reactions. It can be prepared through silylation of 
crotonaldehyde enolate (Scheme 2.6).55  
 
Scheme 2.6 
 
 
The reaction of silyl dienol ether 71 with nitrostyrene (28) was first examined (Scheme 
2.7).  As a typical operation, a solution of the Lewis acid promoter was added to the cold 
solution of the mixture of 71 and an access of 28. When Me3Al was employed, reaction took 
place readily even at low temperature. After the complete consumption of nitrostyrene (28), the 
reaction was quenched by adding a methanol solution of triethylamine into the cold reaction 
mixture, followed by an aqueous work up. 1H NMR analysis indicated a clean reaction and 
complete conversion. Unfortunately, only the undesired the cyclohexene product 79 was 
observed arising from a Diels-Alder reaction of the nitroalkene as the dienophile. When 
TiCl2(Oi-Pr)2 was employed in the same manner, no consumption of the nitrostyrene was 
observed after one hour when the reaction was quenched and only nitrostyrene was recovered. 
Neither prolonged reaction time nor increased temperature effected any transformation of 
nitrostyrene. The same result was observed when SnCl4 was employed (Scheme 2.7). While 
nitrostyrene was recovered quantitatively if reactions were quenched when still cold, dienol ether 
was never found present in the crude material. This observation was curious considering the fact 
that the latter two Lewis acids are more effective activators of nitroalkenes compared to 
trimethylaluminum.54 We tentatively concluded that the unproductive decomposition of the silyl 
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dienol ether 71 was taking place. In fact, rapid polymerization of vinyl ethers at low temperature 
initiated by strong Lewis acids is known.56, 57  In the presence of TiCl2(Oi-Pr)2 or SnCl4, the 
decomposition of dienol ether 71 is presumably much faster than the productive reaction of 71 
with nitrostyrene (28). Unfortunately, even an increased amount of dienol ether 71 did not afford 
any useful products when TiCl2(Oi-Pr)2  or SnCl4 were used. 
 
Scheme 2.7 
 
 
 
The incompatibility of the dienol ether with the relatively strong Lewis acid must be 
addressed. Considering the lability of a trimethylsilyl protecting group, alkyl dienol ethers were 
then prepared. Butadienol ether 73 was prepared as a mixture of geometrical isomers through 
methylation of diol 77 followed by elimination (Scheme 2.8).58   
 
Scheme 2.8 
 
 
1,3-Butadienol ether 73 was found to be compatible with TiCl2(Oi-Pr)2. However, while 
both components were consumed during the reaction of 73 with nitrostyrene 28, no useful 
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products were identified, possibly due to the decomposition of the resulting nitronate in the 
presence of TiCl2(Oi-Pr)2.  When nitroalkene 79 was used, a mixture of diastereomers was 
obtained. Although not fully characterized, the product was identified as nitronate 80, based on 
the three distinct olefinic proton signals in the 1H NMR spectrum, which were uniquely 
characteristic of an allyl group in the α-adducts (Scheme 2.9). When SnCl4 was employed, 
conversion of nitroalkene 79 did not take place, most likely again due to the rapid unproductive 
consumption of dienol ether 73 (Scheme 2.9). 
 
Scheme 2.9 
 
 
 
 
More robust dienol ether was obviously required. In the hope that an extra methyl 
substituent would decrease its lability towards Lewis acids, pentadienol ether 76 was prepared 
through a Wittig olefination of crotonaldehyde (Scheme 2.10).59 
 
Scheme 2.10 
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Dienol ether 82 turned out to be compatible with Me3Al, TiCl2(Oi-Pr)2 and SnCl4, an ideal 
substrate to test the effect of these three Lewis acids in parallel. Dienol ether 82 was then 
subjected to the reaction with nitroalkene 79. In the presence of Me3Al or SnCl4, only the Diels-
Alder product nitrocyclohexene 83 was observed, while TiCl2(Oi-Pr)2 effected the formation of 
the nitronate 84 as well as nitrocyclohexene 83 (Scheme 2.11). 
 
Scheme 2.11 
 
 
 
 
2.3.2. Discussion 
The above observed selectivities above are certainly intriguing. Lewis acids seemed to 
exert significant influence on the product distribution. To rationalize these results, it would be 
helpful to first compare the properties of the three Lewis acids in general. Trimethylaluminum is 
the weakest54 and offers only one coordination site. Tin tetrachloride and TiCl2(Oi-Pr)2 can both 
accommodate two extra Lewis bases, while the former is the strongest Lewis acid among the 
three.54 Presumably, the number of coordination sites and the strength of the Lewis acid are 
responsible for their effects on the reaction pathways.  
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During the course of the reaction, some of the Lewis basic dienol ether as well as 
nitroalkene will bind to the Lewis acid.33 Upon coordination to a Lewis acid, a nitroalkene 
becomes more electron-deficient and thus activated, while a dienol ether becomes less electron 
rich and thus deactivated. Taken these hypotheses into consideration, a nitroalkene activated by 
Me3Al is most likely to react with a non-bound dienol ether. The two reacting components are 
well arranged to undergo a Diels-Alder reaction (Scheme 2.12). Although tin tetrachloride can 
bind simultaneously an enol ether and a nitroalkene, the enol ether will be completely 
deactivated due to the strength of tin tetrachloride.  Therefore, in the presence of promoter SnCl4, 
only a free dienol ether reacts with the nitroalkene coordinates to the metal center.  Again, the 
Diels-Alder pathway is intrinsically favored (Scheme 2.12). These effects of Me3Al and SnCl4 
afford the observed selectivity consistently. 
 
Scheme 2.12 
 
 
Titanium dichloride diisopropoxide behaves differently from the other two Lewis acids. 
As a mild Lewis acid, TiCl2(Oi-Pr)2 activates the nitroalkene without diminishing the reactivity 
of the dienol either. Moreover, the titanium center can be coordinated by both reacting 
components and allow them to react in a closed transition state. This pathway is thus mostly 
favored. In such a transition state (Scheme 2.13), C(2) of the diene is in close proximity to the 
most electrophilic site of the nitroalkene, which may explain the observed regiochemical 
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outcome. Since both components reacts in an “intramolecular” sense, this pathway is the most 
favored one. This model is potentially responsible for the exclusive formation of nitronate 80 
(Scheme 2.13).  In fact, the hypothesis of the precomplexation of both reacting components to 
TiCl2(Oi-Pr)2 has been proposed to explain the unique stereoselectivity exerted by this Lewis 
acid in nitroalkene cycloadditions.31a, 33 
 
Scheme 2.13 
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When pentadienol ether 78 was involved, the steric hindrance of the methyl substituent 
can manifest itself in the observed product distribution. In the presence of TiCl2(Oi-Pr)2, while 
the pathway involving both reacting components bound to the same metal center is still viable, it 
is presumably slowed down due to the repulsion between the γ-substituent of the dienol ether and 
the phenyl group of the nitroalkene. Meanwhile, the Diels-Alder reaction pathway is still open 
and becomes competitive. These two competing pathways contribute to the formation of 84 and 
83, respectively (Scheme 2.14). 
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Scheme 2.14 
 
 
 
 
2.3.3. Summary       
At this stage, we learned from the experimental facts that both the nature of Lewis acid 
promoter and the structural features of the dienol ethers exert subtle influence on the peri- and 
site selectivity of cycloaddition of nitroalkenes. Although these insights have not yet led to a 
concrete solution to the problem of undesired reaction pathways, we believed that varying dienol 
ethers sterically and electronically could possibly allow for the desired selectivities. Therefore 
the search for appropriate dienol ethers continued. 
 
2.4. Addition of Ester and/or Amide-Derived Dienol Ethers to Nitroalkenes 
2.4.1. Background 
Vinylogous aldol additions of ester- and amide-derived dienol ethers have been 
documented by Denmark and co-workers.60  Silyl dienol ether 8656 and 8961 have been shown to 
undergo vinylogous aldol addition with extremely high γ-selectivity (Scheme 2.15).   
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Scheme 2.15 
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The high γ-site selectivity can be explained by the electronic structure of the nucleophile.  
Calculations55 provided insights into the γ-selectivity of an ester derived dienol ether. In the ester 
derived dienol ether ether 91 (Figure 2.2), both the HOMO orbital coefficient (O.C.) and the 
electrophilic susceptibility (E.S.) are larger at C(4) than those at C(2).  It is also suggested that 
steric hindrance at the α site of the ketene acetal contributes to the high γ-selectivity observed.55  
 
O
O
1
2
3
4
SiMe3 C(4) C(3) C(2) C(1)
O.C.
E.S.
0.302 0.090 0.230 0.219
0.592 0.177 0.451 0.429
Me
91  
Figure 2.2. Calculated electronic structures of ester-derived dienol ether 91. 
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2.4.2. Results 
Dienol ether 86 was then employed to react with nitroalkene 79 in the presence of 
different Lewis acids (Scheme 2.16).  Unfortunately, only the α-cycloadduct 92 was formed in 
the presence of either Me3Al or TiCl2(Oi-Pr)2 (Scheme 2.16).  
 
Scheme 2.16 
 
 
Exclusive α-selectivity was again observed in the addition of dienol ether 89 to 
nitrostyrene 28. Titanium dichloride diisopropoxide afforded only the conjugate adduct 67 at –75 
oC (Scheme 2.17), while Me3Al failed to promote any reactions under the same conditions. 
Either dienol ether 85 or 88 failed to afford any adducts in the presence of SnCl4, presumably 
due to their incompatibility with the strong Lewis acid. 
 
Scheme 2.17 
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2.4.3. Discussion 
The formation of nitronates with exclusive α-selectivity with either dienol ether 86 or 89 
contradicted the theoretically anticipated γ-selectivity. The fact that different Lewis acids seemed 
to afford the same selectivity was also intriguing. More data was needed for a conclusive 
explanation for the site selectivity observed.  
The fact that the Diels-Alder reaction does not take place cannot be explained simply by 
either orbital coefficients or electrophilic susceptibility of the dienol ether. Steric hindrance 
exerted by the substituents at C(1) may have a subtle effect on the outcome of the reaction. The 
strong steric interaction in the proposed transition state in the Diels-Alder reaction is at least 
partially responsible for the inaccessibility of this pathway (Scheme 2.18).   
 
Scheme 2.18 
 
 
2.4.4. Summary 
All the dienol ethers tested so far had not afforded the desired products.  However, the 
site selectivity observed in each case provided some hints on the relationship between the 
structures and selectivity. The Diels-Alder reaction of aldehyde-derived dienol ethers and 
nitroalkenes could be considered through a nucleophilic attack by the γ site of the dienol ether.  
Titanium dichloride diisopropoxide increases α-site selectivity of aldehyde-derived dienol ethers. 
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More electron rich ester or amide-derived dienol ether strongly favored α-site attack towards 
nitroalkenes activated by Lewis acids.  
 
2.5. Addition of Acylsilane-Derived Dienol Ethers to Nitroalkenes 
2.5.1. Background 
The results obtained thus far seemed to indicate a strong dependence of the reaction 
outcome on the steric factors of the dienol ether, and to a less extent, the Lewis acids. Therefore, 
an ideal dienol ether would bear a sterically hindered substituent at C(1), allowing for γ-site 
nucleophilic attack while still preventing both the α-addition and Diels-Alder pathway (Scheme 
2.19). 
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Due to their steric bulk, silyl groups have been commonly used to control 
stereochemistry.37  Enol ether 94,33 in sharp contrast to n-butyl vinyl ether, does not undergo 
addition to nitroalkenes activated by mild Lewis acids such as titanium dichloride diisopropoxide 
or methylaluminum bis(2,6-di-tert-butyl-4-methylphenoxide) (MAD) (Scheme 2.20).  The 
significantly lower reactivity may be attributed to the severe steric hindrance exerted by the 
trimethylsilyl group.  Thus, it is likely that through the introduction of a silyl group at the C(1) 
position of a dienol ether, both α-addition as well as the Diels-Alder reaction with nitroalkenes 
will be suppressed, allowing for only γ-addition to take place.   
 
Scheme 2.20 
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Murai and co-workers developed an interesting procedure62 to prepare a class of formally 
acylsilane-derived dienol ethers (Scheme 2.21).  Carbonylation of the deprotonated allylsilane 95 
underwent a 1,2-silyl shift to afford the thermodynamically favored dienolate that can be trapped 
to form the desired dienol ether 96.  This synthesis avoids the problematic deprotonation of 
acylsilanes which are incompatible with most bases. A class of acylsilane-derived dienol ethers 
can be conveniently prepared through this procedure. 
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Scheme 2.21 
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2.5.2. Results 
Trimethylaluminum failed to promote the reaction between dienol ether 96 and 
nitrostyrene 28.  While Ti(Oi-Pr)2Cl2 effected only partial conversion, SnCl4 allowed for smooth 
vinylogous conjugate addition of dienol either 96 to nitroalkene 28, affording the corresponding 
nitro acylsilane 97a as an extremely sticky yellow oil (Scheme 2.22).  
 
Scheme 2.22 
 
 
Optimized conditions for the SnCl4-promoted addition of dienol ether 96 towards a 
variety of nitroalkenes were then developed and the results were summarized in Table 2. Best 
yields could be consistently achieved by the addition of a solution of SnCl4 to the precooled 
solution of reactants over 40 seconds.  
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Both electron-neutral and electron-rich nitroalkenes (entries 1-5) were consumed in 10 
min at -70 oC and afforded the desired products in good yield. Yields for electron poor 
nitroalkenes (entries 6-9) decreased under the standard conditions and unreacted nitroalkenes 
were recovered. This incomplete conversion was likely due to the nonproductive consumption of 
dienol ether 96. 
 
TABLE 2.1. Lewis Acid Promoted Conjugate Addition of Acylsilane-derived Dienol ether 
to Nitroalkenes 
R
NO2
+
SiMe3
OSiMe3
96
SnCl4 (1.1 equiv)
CH2Cl2,
-70 oC, 10 min
NO2
R
SiMe3
O
28a-i 97a-i
1.2 equiv
 
entry R product yield,a % 
1 C6H5 97a 75 
2 1-naphthyl 97b 76 
3 2-furyl 97c 70 
4 2-MeOC6H4 97d 92 
5 4-MeOC6H4 97e 90 
6 2-ClCC6H4 97f 70 
7 4-ClC6H4 97g 64 
8 3-BrC6H4 97h 55 
9 n-hexyl 97i 15 (45 b) 
a Yield of analytically pure materials. b Me2AlCl was used. 
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Although SnCl4 was a generally effective promotor, the unsatisfactory yield of 97i 
prompted us to search for better Lewis acid promotors. During the survey of other Lewis acids, 
Me2AlCl was found to activate the least reactive aliphatic nitroalkene 28i. A slow addition of a 
CH2Cl2 solution of Me2AlCl to the mixture of 28i and 96 at -40 oC over 4 h afforded 97i in an 
improved yield as high as 45% (Table 2.1, entry 9).  
 
2.5.3. Discussion 
Attempts to further improve the yield for some the more difficult substrates (97g-i) using 
SnCl4 were not fruitful. Presumably, less efficient binding of the more electron deficient 
nitroalkenes to the Lewis acid results in less efficient activation. A control experiment 
established that when 96 was combined with SnCl4 under the same conditions, the dienol ether 
decomposed completely within minutes, at a rate comparable to that of the productive addition to 
less reactive nitroalkenes. It was also observed that an undesired product arose from the addition 
of 96 towards the acylsilane product 97, resulting in the formation of a double adduct 98. This 
side reaction, unfortunately, thwarts the use of a large excess of dienol ether (Scheme 2.23).  
 
Scheme 2.23 
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Dimethylaluminum chloride was an effective activator of nitroalkenes and was also 
compatible with 96. Unfortunately, this promoter failed to drive the reaction of 28i and 96 to 
completion even at ambient temperature. After quenching the reaction with a methanol solution 
of Et3N followed by aqueous workup, unreacted 28i and 96 were recovered. 1H NMR and 13C 
NMR analysis confirmed that Me2AlCl reacted with nitroalkene 28i to afford the corresponding 
chloride adduct 99,63 which was not susceptible towards further nucleophilic attack of the dienol 
ether 96. Presumably, the chloride adduct 99 eliminated the chloride under the quenching 
conditions (Scheme 2.24).  
 
Scheme 2.24 
 
 
2.5.4. Summary 
Acylsilane-derived dienol ether 96 has been found to undergo vinylogous conjugate 
addition into nitroalkenes activated by Lewis acid such as SnCl4 or Me2AlCl. The direct products, 
nitroacylsilanes, are set up for further transformation into target azepanes. 
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2.6. Elaboration towards Azepanes 
2.6.1. Synthetic Design 
The conversion of nitro acylsilane 97 into the corresponding azepane involves several 
reductions. The olefin unit would prevent the ring formation and must be saturated first 
(97→100). Selective reduction of the nitro group into an amino group (100→101) must be 
carried out without affecting the carbonyl group. Acylsilanes 64  are known to undergo 
condensation reaction with a primary amine to afford imines. It is therefore expected that the 
subsequent intramolecular condensation to form a cyclic imine intermediate 102, which would 
be finally reduced into the corresponding azepane 103 (Scheme 2.25).   
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2.6.2. Results 
2.6.2.1. Metal Catalyzed Heterogeneous Hydrogenation 
Catalytic hydrogenation has been widely applied in the reduction of a wide range of 
functional groups.65 An obvious advantage of this method is the availability of a wide range of 
catalytic systems with variable reactivities and selectivities.  Palladium on carbon is known to be 
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an effective catalyst for hydrogenation, under which nitro groups and double bonds are generally 
more easily reduced than carbonyl groups. 66  In fact, Pd-C effectively catalyzed the 
hydrogenation of the double bond of the unsaturated acylsilane 97a (Scheme 2.26). 
 
Scheme 2.26 
 
 
Palladium has also been used for reductive amination of carbonyl compounds.43  
Therefore, under Pd-catalyzed hydrogenation conditions, 100a was expected to be further 
transformed to the desired azepane 103a.  However, prolonged reaction time did not bring about 
the formation of azepane.  Instead, the cyclohexanol 98 was generated (Scheme 2.27). 
Presumably, trace amounts of base present triggered a Henry reaction. In order to facilitate the 
desired reduction pathway and overcome side reactions, a high pressure of hydrogen was applied.  
However, the Henry reaction predominated under these conditions (Scheme 2.27). 
 
Scheme 2.27 
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2.6.2.2. Al-Hg Reduction 
Although Pd-C was very effective in the reduction of double bond of 97, it was far from 
efficient for further reduction. Among a number of methods investigated for the reduction of 
nitro moiety and the concomitant reductive amination, Al-Hg was found to effect a clean and 
complete conversion of 100a into cyclized product (Scheme 2.28). However, spectroscopic data 
indicated that a mixture of lactam 99a and azepane 97a was obtained. Unfortunately, variation 
of solvent, pH or temperature seemed to exert little effect upon the product distribution. 
 
Scheme 2.28 
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2.6.2.3. Improved Elaboration towards Azepanes 
To eliminate the complications, more reliable reductive amination reactions were needed. 
Intramolecular reductive amination of nitro aldehydes is known67 and only cyclic amines are 
obtained as the products. Therefore protodesilylation of the acylsilane was then investigated. 
Fluoride-induced protodesilylation of aryl acylsilanes has been reported.41 Surprisingly, fluoride 
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in wet THF caused the migration of a methyl group instead of protodesilylation and afforded the 
corresponding secondary alcohol 106, which is typical for aliphatic acylsilane (Scheme 2.29).42   
 
Scheme 2.29 
 
 
Fortunately, this conversion is easily accomplished by a photoinduced protodesilylation68 
in protic solvent which afforded the corresponding enals in generally good yields (Table 2.2). 
Based on this success, a streamlined Pd-C catalyzed hydrogenation followed by Al-Hg reduction 
process conveniently converted the nitro aldehydes to 3-susbtituted azepanes. The tosylated 
derivatives were prepared to facilitate isolation and purification. 
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TABLE 2.2. Elaboration of α,β-Unsaturated Acylsilanes into N-Tosylazepanes 
 
1) H2, cat. Pd-C, THF-H2O (20/1)
2) Al-Hg,THF-H2O (5/1)
3) TsCl, Et3N, CH2Cl2
NTs
R 108a-i  
entry R enal, yield a % N-tosyl azepane, yield b % 
1 C6H5 107a, 78 108a, 82 
2 1-naphthyl 107b, 72 108b, 85 
3 2-furyl 107c, 60 108c, 72 
4 2-MeOC6H4 107d, 74 108d, 92 
5 4-MeOC6H4 107e, 75 108e, 89 
6 2-ClC6H4 107f, 72 108f, 76 
7 4-ClC6H4 107g, 76 108g, 70 
8 3-BrC6H4 107h, 70 108h, 55 
9 n-hexyl 107i, 75 108i, 72 
a Yield of chromatographically homogeneous products.  
b Yield of analytically pure materials. 
 
2.6.3. Discussion 
The acylsilane functionality is usually considered as an aldehyde equivalent. The 
formation of imines arising from the condensation of primary amines and acylsilanes is known.69 
  
 
45
However, the reductive amination of nitro acylsilanes was not precedented. A plausible 
mechanism for the formation of two products through this reaction is illustrated in Scheme 2.30. 
Reduction of the nitro group in 100 affords the hydroxylamine 109, which undergoes 
intramolecular nucleophilic attack onto the acylsilane moiety to afford a zwitterion intermediate 
110, which then eliminates Me3SiOH (Peterson Elimination70) and tautomerizes to lactam 105. 
Alternatively, intermediate 110 may undergo a 1,2-silyl shift (Brook Rearrangement71) followed 
by extrusion of Me3SiOH to afford nitrone 115 which can be further reduced to azepane 103. 
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2.7. Conclusion 
In summary, we have developed a novel, vinylogous conjugate addition of acylsilane-
derived dienol ether to aryl and alkyl substituted nitroalkenes. The nitroacylsilane products were 
obtained in good to moderate yields. Nitroacylsilanes could be easily converted into the 
corresponding enals, which were efficiently elaborated into tosylated azepanes in good yield 
through a streamlined 3-step process involving catalytic hydrogenation, reductive amination and 
tosylation. 
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Synthesis of 1-Azoniapropellanes as Phase Transfer Catalysts Chapter 3 
 
3.1. Introduction 
3.1.1. General Aspects of Phase Transfer Catalysis 
 Heterogeneous reactions involve reactants located in two or more phases. In 
heterogeneous reactions, mass transfer through phase boundaries contributes significantly to the 
overall reaction rate. A heterogeneous reaction with intrinsically highly reactive components can 
still be slow or even inhibited due to the hurdle for the reacting components to come into contact. 
Therefore, agents assisting the transfer of substances from one phase to another can potentially 
exert significant rate acceleration in heterogeneous reactions, which, sets the base for phase 
transfer catalysis (PTC).72 
Since its first introduction in organic chemistry,73 PTC has been intensively studied and 
extensively applied as a valuable tool in chemical synthesis.74 Liquid-liquid and liquid-solid 
biphasic systems75 are among the most developed for the purpose of practicality in organic 
synthesis. A myriad of important reactions76 have been successfully carried out under PTC 
conditions. A number of classes of phase transfer catalysts72 have been employed, such as crown 
ethers, crytands, glymes and quaternary ammonium and/or phosphonium (onium) salts to meet 
the requirements of specific reactions.  
Base-induced generation of carbanions is of fundamental importance to organic synthesis, 
since a large number of carbon-carbon bond forming reactions are based on the reactivities of 
nucleophilic carbanions.77 A variety of organic bases are routinely applied with tremendous 
success to deprotonate carbon acids.77 However, the compatibility of these strong bases with 
electrophilic species often raises concerns. In contrast, PTC systems generally employ mild 
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reagents, such as aqueous bases or solid inorganic bases. Compared to strictly anhydrous 
solvents and organic bases, a wider choice of organic solvents and cheaper inorganic bases and 
thus much simpler operations obviously constitute attractive alternatives. Biphasic reaction 
conditions also effectively alleviate the problem of incompatibility between reagents, since the 
organic eletrophiles normally locate in a phase impermeable for the inorganic bases. Due to its 
unique advantages, decades of studies have been dedicated to PTC in base-induced carbanion 
chemistry.78 Quaternary ammonium salts79 as phase-transfer catalysts have found most success 
and have already been widely applied in industries. 
Despite their tremendous applications, the exact pathway for the generation and reaction 
of active species in phase transfer catalyzed reactions is still controversial. This is not surprising 
since transport of substances between phases is a complicated phenomenon and the exact 
reaction pathways may depend on the components of the specific PTC system and the reaction.78 
A generally accepted mechanism of an alkylation reaction of carbanions promoted by phase 
transfer catalysts under aqueous-organic biphasic conditions has been proposed by Makosza,80 
emphasizing the interactions at the interphase (Scheme 3.1). It is hypothesized that the carbon 
acid is first deprotonated at the phase boundary by an inorganic base such as hydroxide. The 
resulting pair of carbanion/lipophilic cation is then extracted back into the bulk organic phase to 
undergo subsequent reactions. On the other hand, there is strong evidence that the phase transfer 
catalyst plays an active role in aiding the deprotonation step,72 although the exact nature of this 
rate acceleration effect remains unclear.  
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Scheme 3.1 
 
 
 
 
It has been generally accepted that the pair of carbanion/lipophilic cation is responsible 
for the reactions in the organic phase. The interactions between the two charged species are 
mainly columbic and therefore the non-covalently bonded carbanions generally exhibit high 
reactivities.78 Since highly reactive species are generated at relatively low concentrations, 
reaction conditions for PTC are generally mild while still achieving satisfactory reaction rates.72 
 
3.1.2. Asymmetric Phase Transfer Catalysis 
It is not difficult to imagine that when a reactive anion approaches its reacting partner 
(such as an eletrophile), its counterion nearby may actively participate. A chiral, enantiopure 
cation can create a local asymmetric environment and differentiate the enantiotopic faces of the 
reacting centers at either a prochiral anion or eletrophile. Such a cation can thus become a source 
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of asymmetric induction for an ionic reaction and allow for catalytic, asymmetric phase transfer 
catalysis (APTC). 
The applications of PTC in asymmetric transformations have already achieved 
tremendous success.81 Up to now, APTC systems have been successfully developed for a number 
of important reactions81 such as oxidation, reduction and carbon-carbon bond formation reactions. 
Cinchona-derived quaternary ammonium salts and the binaphthyl- and biphenyl-modified onium 
salts are among the most widely employed and effective catalysts82 in APTC. 
 
3.1.3. Cinchona-Derived Catalysts  
One of the earliest demonstrations of the feasibility of APTC was reported by the Merck 
research group in 1984.83 Indanone 116 undergoes enantioselective methylation in the presence 
of cinchona alkaloid catalyst 116 with remarkably high selectivity.  More polar solvents lowered 
the selectivities, indicating the role of contact ion pair in asymmetric induction. Electron-
withdrawing substituents on the benzyl group of the catalyst led to increased enantioselectivity.81 
This observation suggests a strong electronic interaction between the enolate and the catalyst. 
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Later O’Donnell and co-workers achieved the enantioselective alkylation of glycine 
imine derivative 118 (Scheme 3.3) under APTC conditions. 84  This method allowed for a 
practical synthesis of enantioenriched α-amino acids. 
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Corey 85  and Lygo 86  demonstrated the possibility to modify the catalysts to improve 
selectivities. With an anthracenylmethyl group at the nitrogen, cinchonidine and cinchonine 
derivatives exhibit excellent enantioselectivity in the alkylation reaction of glycine imine 
derivative 118. This system has been improved even further through the contributions on 
generating other analogues of the catalyst.87   
Besides alkylation reactions, cinchona-derived phase transfer catalysts has found their 
successful applications in many carbon-carbon bond forming processes, such as conjugate 
addition,88 aldol type reaction,89 Darzens reaction,90 aza-Henry reaction,91 Mannich reaction,92 
and Strecker reaction.93  
 
3.1.4. Spiro-Binaphthyl-Derived Catalysts 
Maruoka and Ooi developed a novel scaffold which typically consists of a spiro, 
binaphthyl backbone exhibiting C2 symmetry (Figure 3.1, 121, 122). This class of catalyst 
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achieves excellent selectivities in the benzylation reaction of 118. Aryl substituents at the 
binaphthyl moiety are crucial for a high level of asymmetric induction. Remarkably, the catalyst 
loading can be extremely low (0.2 mol%) while maintaining enantioselectivity.79 One drawback, 
however, is the moderate to low catalytic activities, presumably due to the high lipophilicities 
and low solubilities of this class of catalyst. Another disadvantage of this class of catalysts is the 
complexity of their synthesis.79 
 
 
Figure 3.1. Spiro, binaphthyl-derived phase transfer catalysts  
 
The spiro ammonium feature was later found to be unnecessary for high selectivities. 
Thus a modular synthesis of a library of structurally much simpler catalyst was developed.94,  95 
Replacing a binaphthyl or biphenyl unit with two alkyl substituent, the new catalyst scaffold 
proves to be highly successful. (Figure 3.2, 12394, 12495). Through this modification, catalytic 
reactivities were dramatically improved while high selectivities were maintained by these 
catalyst when applied in the benzylation reaction of 118.   
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Figure 3.2. Binaphthyl- and/or biphenyl-derived catalysts. 
 
3.1.5. Catalysts of Other Scaffolds  
Inspired by the possibility to bring two reacting components into proximity, bis-cationic 
systems such as 12596 and 12697 have been developed. Most of these catalysts possess C2 or 
pseudo C2 symmetry (Figure 3.3).   
 
 
Figure 3.3.  Bis-cationic chiral phase transfer catalysts 
 
3.1.6. 1-Azoniapropellanes as Phase Transfer Catalysts 
While highly reactive and selective APTC systems for a variety of reactions have been 
developed, the underlying principle for the success of these systems remains obscure. This 
deficiency undoubtedly impedes the realization of the full potential of APTC, such as the rational 
design of new catalysts amenable to new types of reactions. To fill in the gap between 
fundamental understanding and further developments, a program to systematically study the 
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structure/reactivity/selectivity in APTC has been launched in these laboratories. For this purpose, 
libraries of a large number of catalysts of systematically varied structures are required. Modular 
and/or convergent synthetic methods to the synthesis of chiral quaternary ammonium salts are 
highly desirable. Ideally, the synthetic method would be amenable to systematically varying the 
steric, electronic, and solubility parameters of quaternary ammonium cations. The efficiency and 
flexibility of synthetic methods, however, are intrinsically dependent on the target molecules. 
While the existing scaffolds of successful catalysts are useful for the construction of catalyst 
libraries, opportunities for flexible chemical modification are limited. Therefore, quaternary 
ammonium salts of novel core scaffolds are of particular value. 
1-Azoniapropellanes are a rare class of quaternary ammonium salts. Within the parent 
molecule, the polycyclic cation possesses a tetrahedron defined by the nitrogen and the four 
adjacent carbons, in which the center of the positive charge is believed to locate. The 
electrostatic environment created by this cation is presumably well-defined, in that one face of 
the theoretical tetrahedron is relatively exposed and accessible compared to the other three and 
thus mainly responsible for the cation-anion interactions (Figure 3.4).  The unique structural 
feature of this scaffold allows it to serve potentially as an excellent model for the systematic 
study of APTC. 
 
 
Figure 3.4. Unique structural features of 1-azoniapropellane. 
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Interestingly, the behavior of chiral, non-racemic azoniapropellanes in PTC was briefly 
studied by McIntosh and co-workers in the 1980’s.98 Chiral, non-racemic azoniapropellanes 133 
and 136 were synthesized starting with available chiral lactams as building blocks (Scheme 3.4). 
When each catalyst was employed in a cyclopropanation reaction and an allylation reaction 
under PTC conditions, essentially racemic products were obtained, albeit in high yields.96 
Further investigations were not attempted by these authors, presumably due to the inefficiency in 
synthesis and the difficulties in further modification of the catalysts. 
 
Scheme 3.4 
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3.2. Project Goals 
The main objective of this project is to develop efficient synthetic routes to access 
enantioenriched, chiral 1-azoniapropellanes and test their catalytic activities and selectivities in 
asymmetric phase-transfer catalyzed reactions. For the purpose of structure/reactivity/selectivity 
studies, a diversity-oriented synthesis requires sufficient flexibility to allow for convenient 
introduction of variable substituents onto the parent scaffold of 1-azoniapropellane. Reliable 
methods must be incorporated in the synthesis to garner optically pure 1-azoniapropellanes. 
These two important concerns must be taken into consideration when designing an efficient 
synthesis. 
 
3.3. Tandem Cycloadditions Strategy 
3.3.1. Synthetic Plan 
Tandem [4+2]/[3+2] cycloadditions of a nitroalkene have been well established as a 
powerful method to synthesize highly substituted pyrrolizidines.38 It was then envisioned that the 
same strategy could be applied to efficient construction of 1-azoniapropellanes which can be 
derived from a pyrrolizidine precursor. Retrosynthetically, a pyrrolizidine can be assembled 
starting from three building blocks, a nitroalkene, a chiral vinyl ether and a vinyl ketone (Scheme 
3.5). 
 
Scheme 3.5 
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It would be necessary to carefully evaluate the forward synthetic plan. A protected 
alcohol must be installed in the nitroalkene, which need to remain intact until it is revealed and 
activated as a leaving group at a late stage of synthesis. Thus, a robust protective group must be 
employed. The enantiomeric purity of the azoniapropellanes would be secured by the 
employment of vinyl ether 138 bearing a highly reliable chiral auxiliary29 in the [4+2] 
cycloaddition. The subsequent intermolecular [3+2] cycloaddition between the chiral nitronate 
139 and a vinyl ketone 140 should be facile. The enantioselectivity of the [3+2] event was 
expected to be influenced by the anomeric center of the chiral nitronate. However, the 
stereochemical outcome is not guaranteed. If the stereoselectivity of this event is not high, 
resolution of the resulting diastereomers would be necessary. Nonetheless, enantiopure nitroso 
acetals 141 would be harnessed. Hopefully, under hydrogenolysis conditions the amino moiety 
of the nitroso acetal would be revealed and undergo subsequent reductive aminations onto the 
acetal and ketone moieties. A diastereomeric mixture of two enantiopure pyrrolizidines (142, 143) 
would arise from a single nitroso acetal and hopefully would be resolvable at this or later stage. 
Thus, the first variable substituent on the final catalyst would be introduced without strict 
diastereocontrol. The second variable group will be installed through alkylation of the secondary 
alcohol of the pyrrolizidine. Finally, the alcohol would be converted into a leaving group and 
furnish the cyclization event (Scheme 3.6).  
It was expected that there would be five major challenges along the way: (1) preparation 
of the functionalized nitroalkene in large quantities; (2) stereochemical control of the [4+2]/[3+2] 
events; (3) elaboration of the nitroso acetals through hydrogenolysis; (4) derivatization of the 
pyrrolizidines through alkylation, and (5) the final formation of 1-azoniapropellanes through 
cyclization (Scheme 3.6). 
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Scheme 3.6 
 
 
 
3.3.2. Results 
3.3.2.1. Preparation of Nitroalkene 146 
To launch the synthetic plan, the preparation of the nitroalkene substrate on a large scale 
must be first accomplished. A t-butyldimethylsilyl group is chosen as the protecting group for 
the primary alcohol due to its robustness under mildly Lewis acidic, hydrogenolytic and basic 
conditions. The preparation of nitroalkene 146 could potentially be accomplished through the 
introduction of a nitro group into an alkene. Alternatively, nitroalkene 146 could be prepared 
through the dehydration of a nitro alcohol arising from a Henry reaction between a nitroalkane 
and formaldehyde (Scheme 3.7). 
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Considering the ready availability of pentenol 151, its funtionalization was first attempted. 
To avoid any undesired interception of the alcohol, it was protected as a silyl ether. The resulting 
alkene was then treated with an aqueous solution of sodium nitrite and mercuric chloride, typical 
reagents for nitromercuration.17 The alkene was quickly consumed at room temperature within 
minutes. Surprisingly, only an organomercury compound 152 bearing a tetrahydrofuran was 
obtained. Presumably, the mercuronium ion intermediate was intramolecularly opened by the 
silyl ether instead of a nitrite anion (Scheme 3.8).  
 
Scheme 3.8 
 
 
The other approach to prepare nitroalkene was then investigated. To take advantage of the 
Henry reaction, the preparation of nitroalkane 150 was a prerequisite. A rapid access to 150 was 
accomplished by a three step process starting with tetrahydrofuran (Scheme 3.9). While the ring 
opening of tetrahydrofuran by iodide 99  and the formation of the silyl ether 154 could be 
performed on a large scale, the displacement of iodide by nitrite was unfortunately not amenable 
to scaling up. Sodium nitrite was not soluble in most other organic solvents and DMSO appeared 
to be the most convenient choice. However, the use of a large amount of DMSO severely 
impeded the isolation of the product. To reduce the amount of solvent, high concentration of 
sodium nitrite in DMSO must be used. Unfortunately, these conditions gave rise to significant 
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amount of alkylnitrite as the side product, which was difficult to separate from the desired 
product. When silver nitrite was employed, acetonitrile could be used as solvent and much of the 
operational difficulty was alleviated. Unfortunately, the formation of undesired product was even 
more prevalent and the yield of the desired product was unsatisfactory (Scheme 3.9). 
 
Scheme 3.9 
 
 
 
            To develop a procedure more amenable to large scale preparation of nitroalkane 150, the 
conjugate addition of nitromethane was attempted (Scheme 3.10). Conjugate addition of 
nitromethane to acrolein in the presence of basic alumina afforded the nitro aldehyde, which was 
conveniently reduced to the 4-nitrobutanol (155) and then protected as a silyl ether. This three 
step procedure could be conveniently scaled up to prepare 150 on a 10-gram scale. Only the 
purification 4-nitrobutanol was necessary and could be accomplished by distillation. 
 
Scheme 3.10 
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To effect a one carbon homologation, the Henry reaction between nitroalkane 150 and 
formaldehyde was necessary. This reaction proceeded quickly by employing paraformaldehyde 
in the presence of in situ generated lithium isopropoxide. The resulting nitro alcohol 149 was 
then subjected to dehydration. The alcohol was first trifluoroacetylated and then underwent a 
base-induced elimination to afford the desired nitroalkene 146 in good yields. This procedure 
was conveniently scaled up to produce the nitroalkene on a ten gram scale (Scheme 3.11) 
 
Scheme 3.11 
 
 
 
3.3.2.2. Racemic Tandem Cycloadditions 
With the nitroalkene in hand, the tandem cycloaddition was next investigated. To ensure 
the success of this process, a racemic version was first investigated. There are two major 
purposes of this endeavor. The first is to simplify the stereochemical outcome and gain insights 
into the stereoselectivity of the cycloaddition events. The use of an achiral vinyl ether could 
reduce the possible number of diastereomers generated along the synthesis. The second purpose 
is to optimize the reaction conditions, which can presumably directly applied to the asymmetric 
synthesis. 
  
 
62
Therefore, n-butyl vinyl ether was employed in the [4+2] cycloaddition reaction with 
nitroalkene 146, in the presence of trimethylaluminum as the Lewis acid promotor (Scheme 
3.12). This reaction turned out to be highly facile and nitronate 156 was obtained in excellent 
yields.  
 
Scheme 3.12 
 
 
To test stereochemical outcome of the [3+2] cycloaddition event, methyl vinyl ketone 
was employed as the dipolarophile. Nitronate 156 was then treated with neat methyl vinyl ketone 
(Scheme 3.13). The cycloaddition was completed at ambient temperature over night. A mixture 
of two diastereomeric nitroso acetals 157 and 158 was obtained in good combined yield. These 
two diastereomers were partially separated by column chromatography and isolated in its 
diastereomerically pure form. 
 
Scheme 3.13 
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3.3.2.3. Elaboration of Nitroso Acetals 157 and 158 
            It was then proposed that under to hydrogenolysis conditions, nitroso acetal 157 and 158 
should undergo N-O bond cleavage and subsequent reductive amination to afford the cyclized 
product. When nitroso acetal 157 or 158 was subjected to react with hydrogen in the presence of 
Raney nickel, both substrates were consumed. However, the formation of the pyrrolizidines was 
not observed based on the 1H NMR analysis of the recovered material (Scheme 3.14). Only a 
complicated mixture was obtained. The methyl ketone signal disappeared in the 1H NMR 
spectrum of the crude mixture. It was thus hypothesized that the ketone was labile and underwent 
reduction before the reductive amination could take place. 
 
Scheme 3.14 
 
 
One obvious method to circumvent this incompatibility issue is to convert the ketone into 
a good leaving group to allow for a nucleophilic displacement. Since a stereoselective reduction 
of the ketone was not considered necessary, simple sodium borohydride was employed. After 
treatment with mesyl chloride of the resulting reduced product, a mixture of two diastereomeric 
mesylates (160a, b) was obtained (Scheme 3.15).  
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Scheme 3.15 
 
 
Hydrogenolysis of nitroso acetals (160a, b) turned out to be difficult to reproduce. The 
time required for complete consumption of the starting materials varied significantly and it could 
take more than 48 hours even under high pressure of hydrogen. Meanwhile, the crude products 
were far from clean and contained a number of unidentifiable components. It was hypothesized 
that the lability of a mesylate in an alcoholic solvent caused unproductive decomposition of the 
starting materials. This problem was even more severe when the quality of Raney nickel catalyst 
varied. To eliminate these problems, it was later found that a consistently highly reactive Raney 
nickel could be obtained by sonicating the commercial catalyst in deionized water and renewing 
the water, until the aqueous layer became completely clear and neutral. A mixture of 
tetrahydrofuran and water seemed to be a convenient choice of solvent to allow for smooth 
hydrogenolysis and minimize the solvolysis of mesylate. Nonetheless, a high pressure of 
hydrogen (400 psi) and a relatively long reaction time (24 h) seemed necessary. By applying 
these operations, two diastereomeric pyrrolizidines 159a and 159b were obtained (Scheme 3.16).  
 
Scheme 3.16 
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Interestingly, through the same process nitroso acetal 158 led to another pair of 
diastereomeric pyrrolizidines 159c and 159d  (Scheme 3.17).  
 
Scheme 3.17 
 
 
3.3.2.4. Cycloaddition Using Chiral Vinyl Ether 138 
Having established a synthetic route to access racemic pyrrolizidines, we felt confident to 
launch the synthesis of a chiral, enantiopure 1-azoniapropellanes. Enantiopure chiral vinyl ether 
138 was employed to react with nitroalkene 146 in the presence of TiCl2(Oi-Pr)2 to afford 
nitronates 161. Initially the reaction was carried out at around -70 oC and the temperature was 
not strictly controlled. A diastereomer of 161 was thus observed as a minor product, which could 
be separated from the major product by column chromatography. The amount of this 
contaminant was found to increase as the internal temperature of the reaction rose above -70 oC. 
When subjected to TiCl2(Oi-Pr)2 at 0 oC, pure 161 was rapidly converted to a mixture of 161 and 
its diastereomer, favoring the formation of the latter. It was then concluded that the epimerization 
of 161 at the anomeric center was promoted by TiCl2(Oi-Pr)2. To minimize this undesired 
process, it was critical to maintain a low temperature throughout the reaction. The solution of 
nitroalkene and vinyl ether must be precooled to -90 oC. A solution of a freshly prepared 
TiCl2(Oi-Pr)2 in dichloromethane was slowly added to the cold solution of reacting partners. 
Finally a slow addition of a methanol solution of sodium methoxide and vigorous stirring must 
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be applied to quench the Lewis acid without significant rise of temperature. Fortunately, the [4+2] 
cycloaddition under these conditions was very facile. Through this rigorously controlled 
operation, nitronate 161 could be isolated in excellent yields (Scheme 3.18). 
 
Scheme 3.18 
 
 
The absolute configuration of the major cycloadduct was assigned based on the well-
established high facial discrimination achieved by the chiral auxiliary,29 as well as the high endo-
selectivity effected by the TiCl2(Oi-Pr)2.56  
 
3.3.2.5. Construction of Chiral, Enantiopure Pyrrolizidines 159a-d 
Nitronate 161 was then engaged in the [3+2] cycloaddition with methyl vinyl ketone. 
Again, a mixture of diastereomeric nitroso acetals (162a, b) was obtained. Unfortunately, the 
resolution of the two diastereomers turned out to be difficult. Therefore, the mixture was carried 
on further. After sodium borohydride reduction of the ketone, four diastereomers were generated. 
Mesylation of the alcohols followed by hydrogenolysis afforded four diastereomeric 
pyrrolizidines. Fortunately, each of the two major products 159a and 159b could be isolated as a 
single diastereomer (Scheme 3.19). The assignment of their configurations was based on the 
corresponding racemates previously obtained. 
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Scheme 3.19 
 
 
 
3.3.2.6. Elaboration towards Azoniapropellanes 166 and 168 
To introduce more substituents into the targeted catalyst, derivatization of the secondary 
alcohol was next attempted. Benzyl bromide was chosen as the alkylating agent for convenience. 
To avoid the alkylation at the nitrogen as a potential side reaction, the tertiary amine 161a was 
first protected as an amine-borane complex 163. After the benzylation event, decomplexation 
and concurrent removal of the silyl protecting group were accomplished by the treatment with 
hydrochloric acid. Once the primary alcohol 165 was mesylated, the intramolecular cyclization 
readily took place. Silver oxide was employed to remove the chloride anion to simplify the 
composition of the quaternary ammonium salt. Azoniapropellane 166 was purified by a short 
column chromatography and isolated as a mesylate salt in good yield (Scheme 3.20).  
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Scheme 3.20 
 
 
 
The same transformation sequence was applied onto the pyrrolizidine 159b. Epimeric 
azoniapropellane 168 was obtained as the final product (Scheme 3.21).  
 
Scheme 3.21 
 
 
It was envisioned that 159c and 159d will only lead to the enantiomers of 167 and 169 
(Scheme 3.22), therefore further elaboration on these two minor diastereomers were not pursued. 
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3.3.2.7. Variation of α Substituents  
Having established the feasibility of the synthesis of a chiral, non-racemic 1-
azoniapropellanes, variation on the substituents was then attempted. It was also hypothesized that 
the substituent next to the nitrogen in a chiral quaternary ammonium salt will play a more 
significant role in asymmetric induction, simply due to its close proximity to the positively 
charged center of the catalyst. The introduction of such a substituent will be achieved the 
employment of the corresponding vinyl ketone. The choice of substituents can be random in 
principle. However, we decided to deliberately choose a substituent that may have a better 
chance to enable the quaternary ammonium salt to be selective in APTC. It was proposed that a 
substituent in the catalyst providing a π surface can potentially interact with a nucleophilic 
carbanion bearing aromatic substituents.83 A phenyl ring was naturally the first choice. Therefore, 
phenyl vinyl ketone was chosen as the building block (Scheme 3.23). 
 
Scheme 3.23 
 
 
The attempts to introduce a phenyl substituent onto the catalyst began with the [3+2] 
cycloaddition between nitronate 161 and phenyl vinyl ketone.100 Treatment of 172 with sodium 
borohydride and then mesyl chloride resulted in a mixture of four diastereomeric mesylates. 
Unfortunately, when subjected to hydrogenolysis conditions, all the mesylates were consumed 
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but no desired pyrrolizidines were obtained and only unidentifiable materials were recovered 
(Scheme 3.24).   
 
Scheme 3.24 
 
 
 
It was then hypothesized that a benzylic mesylate was probably too labile to survive until 
the amino moiety is revealed. Besides, even if the desired products were formed, the stability of 
benzylic amines under hydrogenolysis conditions was questionable. A benzyl group was then 
chosen as a compromise. Benzyl vinyl ketone (174)101  underwent [3+2] cycloaddition with 
nitronate 161 to afford nitroso acetals 175a and 175b (Scheme 3.25). Again, the diastereomeric 
mixture was not resolved and subjected to sodium borohydride reduction and then mesylation. 
After hydrogenolysis, the diastereomeric mixture of mesylates were converted into four 
pyrrolizidines (176a-d) bearing a benzyl substituents α to the nitrogen. Partially separated as 
tertiary amines, all the four diastereomers were completely resolved as the amine-borane 
complexes (177a-d). (Scheme 3.26). Their configurations were assigned by analogy to the 
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methyl series (161a-d), based on the assumption that the relative abundance of each diastereomer 
can be related to its configuration. 
 
Scheme 3.25 
Bn
O
DCM, rt,
8 h
N
OO
TBSO
O
Ph
Bn
O
87%, 1.6/1 dr
1) NaBH4
2) MsCl, Et3N
3) H2 (400 psi),
Raney Ni,
175a, b
174
N
OO
TBSO
O
Ph
161
 
 
 
Two major diastereomers out of the four were further elaborated into the quaternary 
ammonium salts through the alkylation, deprotection and cyclization events described previously 
(Scheme 3.26).  
 
Scheme 3.26 
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3.3.3. Discussion 
Highly stereoselective tandem cycloadditions were desired for an efficient synthesis. The 
lack of stereoselectivity in the [3+2] cycloaddition events was disappointing, but not too 
surprising. It was actually more intriguing that only two diastereomers were obtained, since there 
are four possible diastereomers arising from the [3+2] cycloaddition.   
The possible stereochemical outcomes are depicted in Scheme 3.27. The methyl vinyl 
ketone can approach either of the two faces of the nitronate, distal or proximal from the butoxy 
group. Meanwhile the methyl vinyl ketone can react with the nitronate in either exo- or endo-
mode. Four possible combinations of these selectivities are feasible. Obviously, the experimental 
results indicated that two out of the four pathways were favored. It was proposed that the facial 
selectivity should be high, since the distal approach of methyl vinyl ketone avoids the steric 
repulsion from the butoxy group at the anomeric center. Based on this argument, the first two 
pathways (A and B, Scheme 3.27) were expected to be energetically strongly favored and thus 
responsible for the two diastereomers observed.  
The low diastereoselectivity in [3+2] cycloaddition was not expected, since it has been 
demonstrated that vinyl ketones favor an exo-approach to a cyclic nitronate bearing no 
substituents at C(3).28 Presumably, the side chain at C(3) of nitronate 156 was responsible for the 
low diastereoselectivity in a [3+2] event. The steric repulsion between the methyl vinyl ketone 
and the side chain during an exo-mode approach likely retarded the otherwisely much favored 
pathway A (Scheme 3.27). At this point, we tentatively assigned 157 assuming that this slightly 
favored product arising from pathway A, and similarly, 158 from pathway B. The fact that 
nitroso acetal 157 and 158 gave rise to four diastereomeric pyrrolizidines (159a-d) was 
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consistent with the hypothesis that nitroso acetal 157 and 158 arose from the exo- and endo-
mode pathways during the [3+2] cycloaddition, respectively. 
 
Scheme 3.27 
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Unfortunately, the configuration of 157 and/or 158 was not easy to establish. NMR 
spectroscopic analysis could not reveal the relative configurations, since one of stereogenic 
carbon center was tetrasubstituted. The non-crystalline property of the nitroso acetal also 
impeded crystallography.  
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3.3.4. Summary 
Thus four azoniapropellanes have been successfully synthesized. Tandem [4+2]/[3+2] 
cycloaddition has been proven useful in this endeavor as the key strategy, allowing for a 
convergent synthesis of the desired products. The major drawback of this approach lies in the 
low diastereoselectivity in the [3+2] cycloaddition event, which gives rise to complications in 
stereochemical outcomes and leads to a significant waste of materials. Nonetheless, this method 
provides interesting entries of catalyst candidates.  
 
3.4. Alternative Strategy 
3.4.1. Background and Synthetic Plan 
As discussed above, the tandem cycloaddition approach is useful for the introduction of 
one variable substituent close to the nitrogen center. Although the method thus developed is 
potentially amenable to the introduction of two substituents, for instance, by utilizing the masked 
alcohol as a handle to install more substituents onto the side chain before the final cyclization 
event. However, this will render the synthetic sequence lengthy and thus impractical for the 
preparation of catalysts. To address this issue, the development of a more efficient route was 
pursued.  
A rapid synthesis of the achiral azoniapropellane 186 was reported by Newkome and co-
workers in 1988 (Scheme 3.28).102 Multiple alkylations of nitromethane in Michael reactions 
were used to quickly assemble the needed carbons. This simple strategy provides a highly 
convergent approach to the construction of azoniapropellanes.  
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Scheme 3.28 
 
 
 
At a first glance, a retrosynthetic strategy seemed straight forward. 1-Azoniapropellane 
bearing two α substituents can be constructed from amine 188, which can be ultimately broken 
down to four building blocks: nitromethane, two vinyl ketones and a third Michael acceptor, 
such as acrolein or an acrylate (Scheme 3.29). 
 
Scheme 3.29 
 
 
            This highly convergent approach is appealing for its simplicity. However, the tactics 
applied are not straightforward and need more careful analysis. Ideally, the four components can 
be assembled in a single operation. Nitromethane is known to undergo conjugate addition with 
three equivalents of acrylonitrile99 and/or methyl acrylate103 to afford the corresponding tertiary 
nitroalkanes. However, this method is not amenable to Michael acceptors such as enones or enals. 
It was found that under basic conditions, nitromethane reacts with access of vinyl ketones to 
  
 
76
afford only a cyclohexane derivative 190 (Scheme 3.30).104 Presumably the trialkylated product 
189 bearing multiple highly reactive carbonyl functionalities is not stable itself and tends to 
undergo intramolecular aldol reaction. 
 
Scheme 3.30 
 
 
On the other hand, conjugate addition of nitromethane to two equivalents of enones is 
feasible. In fact, the strategy of double alkylation of nitromethane through conjugate addition 
reactions was utilized in a rapid synthesis of enantiopure 3,5-disubstituted pyrrolizidines reported 
by Guarna and co-workers (Scheme 3.31).105 The nitro diketone 191 arising from nitromethane 
and phenyl vinyl ketone was asymmetrically reduced to enantioenriched nitro diol 192, which 
was elaborated into pyrrolizidine 193.  
 
Scheme 3.31 
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Inspired by this clever construction of chiral pyrrolizidines, a synthetic plan for 1-
azoniapropellanes was formulated (Scheme 3.32). An enantioenriched nitro diol 192 will be 
engaged in the conjugate addition with acrolein or an enoate. The resulting tertiary nitroalkane 
can be reduced to an amine 196, which provides opportunities for the construction of 
azoniapropellane 197 through cyclization reactions.  
 
Scheme 3.32 
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3.4.2. Results 
3.4.2.1. Improved Synthesis of Nitro Diol 192 
            Although the synthesis of nitro diol 192 has been reported by Guarna and co-workers,106 
the procedure was not extensively optimized. The synthesis of diketone 191 was carried out in 
two separate steps with diminished yields.106 We envisioned that a double alkylation could be 
carried out in a single operation. One the other hand, the use of a chiral borane reagent106 to 
effect an enantioselective reduction of a ketone is not convenient. The well developed Corey-
Itsuno reduction method107 would be more efficient. 
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            The optimized synthetic sequence towards enantioenriched 192 was then established 
(Scheme 3.33). Instead of using the base-labile phenyl vinyl ketone, its surrogate, β-
chloropropiophenone, was employed as the alkylating reagent. β-Chloropropiophenone (198) 
was easily prepared through a Friedel-Crafts acylation reaction. 108  Double alkylation of 
nitromethane was smoothly accomplished by a slow addition of NaOH as an aqueous solution 
into the mixture of nitromethane and two equivalents of β-chloropropiophenone in methanol.  
 
Scheme 3.33 
 
 
 In the presence of borane dimethyl sulfide and a chiral oxazaborolidine catalyst,107 the 
nitro diketone was converted to 192 in high yields with excellent diastereoselectivity, as 
confirmed by 13C NMR analysis.106 Polarimetric data106 indicated the high enantiomeric purity 
and confirmed the configuration of (S,S)-192  thus obtained (Scheme 3.34). At this point, the 
small amount of diastereomeric contaminants (194, 195) was difficult to remove. However, we 
expected opportunities for cleaning up this mixture at later stages. 
 
Scheme 3.34 
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3.4.2.2. Conjugate Addition of Nitro Diol 192 
            With the nitro diol in hand, its conjugate addition reactions were next investigated. 
Acrolein was chosen as the first reacting partner in view of its reactivity for a facile addition 
reaction. It has been demonstrated that addition of secondary nitroalkane to acrolein can be 
promoted by weak bases such as triethylamine.109 Moreover, the proposed conjugate adduct, a 
nitro aldehyde, can potentially undergo reductive amination to effect one cyclization event, 
which is highly desirable.  
            Surprisingly and disappointingly, the combination of nitro diol and acrolein did not yield 
any desired nitro aldehyde adduct as expected. A number of bases (triethylamine, fluoride, DBU) 
and solvents (methanol, isopropanol, tetrahydrofuran, acetonitrile) were surveyed and none 
afforded identifiable products. It was generally observed that both the nitro diol and acrolein 
were consumed under basic conditions. However, extremely complicated mixtures of 
unidentified components were obtained (Scheme 3.35). A compromise was made to employ 
ethyl acrylate as the Michael acceptor. Fortunately, the conjugate addition was effected in the 
presence of DBU and the adduct 196 was isolated in excellent yields (Scheme 3.35). 
 
Scheme 3.35 
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3.4.2.3. Elaboration towards Disubstituted Azoniapropellane 
With the tertiary nitroalkane 197 in hand, further elaboration was attempted (Scheme 
3.36). Under 400 psi of hydrogen in the presence of Raney nickel, a mixture of amino ester 198 
and lactam 199 was obtained. To complete the lactamization, the mixture was separated from the 
nickel catalyst and subjected to mild heating. After the complete consumption of the 198, lactam 
199 was isolated in a moderate yield (Scheme 3.36).  
 
Scheme 3.36 
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To accomplish the final cyclizations, lactam 199 was reduced to a secondary amine 199, 
again suffering from diminished yields after the decomplexation of the resulting amine-borane 
complex as the direct product. Nonetheless, amino diol 200, upon treatment with mesyl chloride 
and silver oxide was effectively converted to the desired diphenyl azoniapropellane 201 (Scheme 
3.37). However, on the basis of 1H NMR analysis, a small amount of contaminant persisted, most 
likely arising from the meso nitro diol which could not be separated out in the previous steps. 
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Scheme 3.37 
 
3.4.2.4. Improved Cyclization Strategy 
The two low yielding steps in the above synthetic route were surprising, since the 
formation100 and reduction100 of lactam are normally facile and clean. It was then hypothesized 
that the diol might interfere in these two processes. If this holds true, modification of the 
synthetic sequence is necessary to circumvent the undesired participation of the diol. One 
potentially appropriate strategy is to apply cyclization methods other than lactamization. For this 
purpose, t-butyl acrylate was employed as the Michael acceptor to react with nitro diol 192 to 
afford the adduct 202. After hydrogenation, the amino ester 203 was obtained without 
lactamization (Scheme 3.38). Further elaboration of amino ester 203 deserved more 
consideration. One obvious strategy is to first reduce the ester moiety to a primary alcohol and 
then trigger three cyclization events101 in one operation. However, the removal of the small 
amount of diastereomeric contaminants was a concern. Due to the distance between the 
stereogenic centers, the physical properties of these diastereomers were similar and thus difficult 
to resolve. We then envisioned that if the two existing stereogenic centers of the diol could be 
brought into close proximity, the resolution of the diastereomers might be achievable. The 
formation of a pyrrolizidine from the diol would serve this purpose. 
Therefore, a modified cyclization sequence was devised and executed (Scheme 3.38). 
Upon treatment of mesyl chloride, pyrrolizidine 204 was obtained in good yield. Gratifyingly, 
the traces contaminants were conveniently separated from the desired chiral pyrrolizidine 204 
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and were identified as the two meso diastereomeric pyrrolizidines (205, 206). The success of this 
transformation was remarkable in that the alcohols were selectively mesylated while the primary 
amine was not, likely due to the steric hindrance next to the amino group.  
 
Scheme 3.38 
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            To complete the synthesis of the diphenyl azoniapropellane, ester 204 was reduced to 
primary alcohol 207 and smoothly cyclized under mesylating conditions to afford 201 in high 
yield and in high purity (Scheme 3.39). 
 
Scheme 3.39 
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3.4.2.5. Synthesis of Trisubstituted Azoniapropellane 
            We envisioned that pyrrolizidine 204 would provide opportunities to introduce a third α 
substituent into the azoniapropellane. The ester could be converted to an aldehyde, which will 
react with organometallic reagents to afford two diastereomeric secondary alcohols. Upon ring 
closure, one of them would lead to a C3 symmetric azoniapropellane, the other a non-symmetric 
one. Resolution of the two diols and/or the two azoniapropellanes must be considered. 
Alternatively, the diol could be oxidized to a ketone and a reagent controlled stereoselective 
reduction of the ketone would secure the alcohol center. We decided to first investigate the 
former approach. 
In fact, DIBAL smoothly achieved the partial reduction of the ester and a Grignard 
reagent conveniently introduced a phenyl group. Unfortunately, the resulting two diastereomeric 
amino alcohols were difficult to resolve by chromatography. Their lack of crystallinity also 
impeded the resolution through crystallization (Scheme 3.40). 
 
Scheme 3.40 
 
 
Camphanates are particularly useful resolving agents for chiral, racemic secondary 
alcohols.110 In the hope that derivatization of the two alcohols might facilitate the resolution, (-)-
camphanoyl chloride (209) was employed to afford the corresponding camphanates 208a and 
208b (Scheme 3.41). Disappointingly, the resulting mixture of diastereomers 210a and 210b 
coeluted on column chromatography with a number of eluants.  
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Scheme 3.41 
 
 
The unexpected poor separability of the amino alcohols (208a, b) left us with the hope 
that the diastereomeric azoniapropellanes would be more readily resolvable due to the close 
proximity of the three α substituents in the polycyclic structure.  Thus the two diols were treated 
with mesyl chloride. The alcohols were consumed at ambient temperature in minutes. The crude 
material was at once purified by a short column chromatography on silica gel. Mass 
spectrometric analysis of the products thus obtained clearly indicated the formation of the 
quaternary ammonium cations. 1H NMR analysis clearly indicated the existence of two 
diastereomers (Scheme 3.42). One set of proton signals clearly belonged to the product of C3 
symmetry, which was assigned as azoniapropellane 212. Correspondingly, the non-symmetric 
diastereomer was assigned as 211. Unfortunately, these two species were not separable by 
chromatography. Surprisingly, however, changes in the crude material took place when it was 
left as a solution in dichloromethane at ambient temperature for more than 48 hours. The 
integration of the proton signals of 211 decreased (ca. 10%) compared to 212. Meanwhile, thin-
layer chromatography indicated the formation of a new species much less polar than the 
quaternary ammonium salts. This compound was isolated by chromatography and was identified 
as the ring opened product by mass spectrometry. Realizing that the non-symmetric 
azoniapropellane was undergoing a ring-opening process involving water, we decided to 
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facilitate this process by using moist solvent and mild heating (Scheme 3.42). After 6 days, the 
complete consumption of 211 was confirmed by 1H NMR analysis. The C3 symmetric isomer 
212 was then purified by column chromatography and isolated as a pure compound in moderate 
yields. 
 
Scheme 3.42 
 
 
 
Interestingly, the ring-opened product 213 was identified as a single diastereomer, related 
to but distinct from either 208a or 208b. When treated with mesyl chloride, 213 was converted 
back to an azoniapropellane, the 1H NMR of which was identical to that of 211. It was thus 
assigned as pyrrolizidine 213 (Scheme 3.43).  
 
Scheme 3.43 
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3.4.3. Discussion 
            A plausible mechanism for the selective ring opening of azoniapropellane 211 was 
proposed (Scheme 3.44). We believed that the trisubstituted azoniapropellanes undergoes slow 
SN1 type ring-opening process, in which the benzylic carbon-nitrogen bond is heterolytically 
cleaved to form a benzyl cation. Three distinct cations (214, 216 and 218) will be initially 
generated from azoniapropellane 211, while only one cation (215) will arise from 
azoniapropellane 212.  
The intramolecular recapture of the benzyl cations by the tertiary amine is expected to be 
generally rapid. However, structural features of the cation conformations may influence the rate 
of the ring closure processes. For instance, when cation 218 adopts such a required conformation 
for ring closure, the phenyl group of the side chain is feeling significant steric repulsion from one 
of the phenyl group on the pyrrolizidine core. This ring closure is therefore relatively “slow”, 
lending the cation a prolonged life time. It is possible that cation 218 undergoes bond rotation 
and becomes the conformer 219, the ring closure of which is still “slow” for the same reason. 
When either of these two relatively long-lived cations is trapped by a water molecule, the ring-
opened consequence is irrecoverably settled. 
One the other hand, ring closure of cation 216 and 217 is free from steric encumbrance 
and thus relatively “fast”. Through bond rotation, cation 214 can also adopt the conformation 
215 for a fast ring closure. All these three cations are thus less prone to the attack by an external 
nucleophile. Therefore, cation 218 is likely responsible for the decomposition of 
azoniapropellane 211. Meanwhile, the integrity of azoniapropellane 212 largely remains.  
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Scheme 3.44 
 
 
The discovery of this “self-cleaning” process to obtain the trisubstituted azoniapropellane 
as one diastereomer is intriguing. When substituents at the α position of the nitrogen are 
incapable to stabilize the cation, the proposed mechanism is unlikely operative. Therefore, this 
process is unlikely a general method for the production of pure trisubstituted azoniapropellanes.  
As pointed out previously, there is another approach to synthesize trisubstituted 
azoniapropellane (Scheme 3.45). After the introduction of the third α substituent (R’) using 
organometallic reagents, the diastereomeric alcohols 221 can be oxidized to a ketone and then 
carry out a stereoselective reduction of the ketone. The desired diastereoselectivity can be 
achieved by using reagent-controlled methods. Only one diastereomeric alcohol (221a or 221b, 
but not both) will be selectively produced, which can be finally converted to the corresponding 
azoniapropellane (222a or 222b, but not both). This approach is presumably amenable to the 
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introduction of a wide variety of substituents. However, we decided not to investigate this 
approach at this stage. 
 
Scheme 3.45 
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3.5. Evaluation of Enantiopure Azoniapropellanes in APTC 
3.5.1. Background 
Factors influencing the rate of a phase transfer catalyzed reaction have been intensively 
studied,72a, 72b and rudimentary guidelines for optimizing reaction conditions have been 
established.72c For a specific reaction, choices of reagents, solvents, concentration and 
temperature obviously have pronounced impact on the reaction rate. Uniquely, agitation plays a 
vital role in rate enhancement in PTC.72a Increasing the interfacial area between two phases 
obviously maximizes the opportunities for necessary interactions between species and their 
transfer through phases.  
Starks proposed that the rate of a phase transfer catalyzed reaction can be viewed as the 
composite of two orthogonal contributors: transfer rate and intrinsic rate of organic reaction.111 
The effects of catalyst structure on transfer rate and intrinsic rate have been generalized based on 
the most commonly applied tetraalkylammonium salts.72b The cation must have good solubility 
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in the organic phase, which is prerequisite for phase transfer agents. The rate of the transfer has 
been found to correlate with the lipophilicity of the cationic catalyst. One the other hand, 
sterically more accessible cations tends to facilitate the transfer of anions into the organic phase, 
presumably by reducing the surface tension as surfactants do, as well as efficiently interacting 
with the anion and thus assisting its transfer into the organic phase. However, bulky cations are 
expected to increase the intrinsic rate in that the steric hindrance loosens the binding within the 
ion pairs and thus “activate” the reacting anion in the organic phase. These generic guidelines are 
undoubtedly useful for the application of structurally simple catalysts. To apply structurally 
diverse and often complicated catalysts in APTC, however, requires more precise understandings 
about the subtle effects of catalyst structural features on reaction rates, which, unfortunately, 
remain largely unclear. Complex kinetics is not uncommon due to the complicated transfer 
pathways in these reactions. A large number of phase transfer catalyzed reactions have been 
kinetically characterized,72d kinetic studies on APTC, however, are surprisingly rare.  
Detailed understanding of asymmetric induction exerted by chiral catalysts is also limited. 
On the basis of molecular modeling and X-ray crystallographic studies, Dolling and co-workers 
proposed a highly organized ion pair, which contribute to the high enantioselectivity observed in 
the asymmetric alkylation of indanone 116 under APTC conditions.83 Columbic attraction, 
hydrogen bonding and π-π stacking are likely the key interactions between the chiral cation and 
the enolate (Figure 3.5).  
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Figure 3.5. Proposed model for the enantioselective alkylation of enolate 223. 
 
3.5.2. Results 
To gain insights into the structure/activity/selectivity relation in APTC, we decided to 
choose the benzylation reaction of glycine imine derivative 118 as the model reaction to evaluate 
the catalytic reactivity and enantioselectivity of the chiral, enantiopure phase transfer catalyst. A 
rigorous protocol has been established in these laboratories. 112  Under strictly controlled 
conditions in the presence of a specific catalyst, the half life (t1/2) of the reaction was measured 
and used as an indicator of the catalyst reactivity. The enantioenrichment of the final product was 
measured by chiral stationary phase HPLC. All six azoniapropellanes were tested and the data 
collected are summarized in Table 3.1.  
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TABLE 3.1. Catalytic Activities and Enantioselectivities of 1-Azoniapropellanes in the 
Benzylation Reaction of Glycine Imine Derivative 
 
catalyst t1/2, min (S)-224: (R)-224
none > 1 week N/A 
166 42  46:54 
168 17  51:49 
178 11  50:50 
179 18  50:50 
201 340  46:54 
212 420 45:55 
 
3.5.3. Discussion 
3.5.3.1. Computational Modeling 
Although the number of data points in hand was limited, correlation between the catalyst 
structural features and the catalytic activities observed was attempted. For the ease of discussion, 
the six catalysts were categorized into three groups on the basis of their structural similarities. 
Epimers 166 and 168 belong to Group I (Table 3.2). Group II include epimers 178 and 179. 
Diphenyl- and triphenyl substituted azoniapropellanes (210 and 212) belong to Group III (Table 
3.2). 
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TABLE 3.2. Catalytic Activities and Calculated Structural Parameters of the Cations of 1-
Azoniapropellanes 
 
catalyst Dipole Moment, D ClogP Molar Refractivity t1/2, min 
166 5.87 0.226 8.33 (5.20)a 42  
168 6.83 0.226 8.33 (5.20)a 17 
178 7.21 1.79 10.84 (7.72)b 11  
179 4.40 1.79 10.84 (7.72)b 18 
201 3.00 1.57 9.76 340  
212 2.28 3.23 12.27 420 
aCalculated value based on 225.  bCalculated value based on 226. 
 
Computational modeling was used to determine the molecular properties of the 
azoniapropellanes. Calculated properties of the cations of quaternary ammonium salts are listed 
in Table 3.2.  The 1-octanol/water partition coefficient (CLogP)113 and molar refractivity113 of 
each cation were predicted by Chem3D. The charge potential surface and dipole moment of each 
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cation were calculated using Spartan ‘06 for Windows with the density functional theory method 
(B3LYP/6-31G*).  
 
3.5.3.2. Lipophilicity, Accessibility and Catalytic Activity  
It is believed that lipophilicity and accessibility of the cations are closely related to their 
capability of transferring anions into the organic phase as phase transfer catalysts.72a, 111 The 
value of CLogP directly reflects the lipophilicity of the cation. Molar refractivity is strongly 
related to the volume of the molecules and this parameter was used to quantify the steric 
hindrance around the nitrogen, in other words, the “accessibility” of the cation. To eliminate the 
contribution of the benzyloxy group to the molar refractivity of the whole cation, it was replaced 
by a hydrogen. Thus the molar refractivity values of the cations of 225 and 226 were expected to 
better represent the accessibility of the Group I and Group II cations.  
Comparing Group I and Group II, increased lipophilicity correlates positively with faster 
reaction rate. However, this trend does not hold true for Group III cations. Although cation of 
211 is more lipophilic than that of 166 and 168, it is less reactive than the latter two catalysts. 
The most lipophilic cation of 212 exhibits the lowest catalytic activity. It is thus concluded that 
lipophilicity alone does not govern the catalytic activity. Other factors must be taken into 
account. Group I and Group II cations are clearly more accessible than Group III cations. It is 
possible that steric inaccessibility of Group III cations retarded their partitioning into the 
interface of the reaction system and thus reduces their catalytic activity, despite their high 
lipophilicity. 
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3.5.3.3. Dipole Moment and Catalytic Activity 
          As a result of electrostatic forces, dipole-dipole interaction is almost certainly present in 
addition to the ionic interactions in PTC systems, especially when highly polarized cations and 
enolates are involved. However, the effects of polarity of the cations on catalytic activity in PTC 
are not well studied, presumably because the most commonly applied tetraalkylammonium 
cations are highly symmetric molecules and possess insignificant dipole moments. Nonetheless, 
it would be expected that permanent dipole moment of a cation at least partially reflects the 
strength of its interaction with an anion, which is related to the reactivity of the anion and thus 
the intrinsic reaction rate. Therefore, the polarity of the cation should be taken into consideration.  
            Interestingly, although a strict generalization cannot be made based on the calculated 
dipole moments of cations and the reaction rates, more polar cation tends to exhibit higher 
activity, with the cation of 179 as an exception (smaller dipole moment but faster reaction rate 
compared with 166 and 168). At first sight this seems counterintuitive since a larger dipole 
moment of the cation is expected to result in a tighter ion pair and thus less reactive anion. 
However, this may very well be an overstatement since dipole-dipole interaction contributes to 
only part of the ionic interactions between the cationic catalyst and the enolate. An alternative 
explanation can be made based on the hypothesis114 that a cationic catalyst plays a role similar to 
that of a surfactant. The polarity of the cation is positively related to its capability to be involved 
in the interfacial interactions and thus contributes to its overall catalytic activity. Moreover, the 
theoretical dipole moments are obtained based on “naked” cations, which may be different from 
those of the cations in reality.  
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3.5.3.4. Binding Mode and Enantioselectivity 
            Considering the low enantioselectivities observed, useful generalization of any 
structure/selectivity relationship is not possible at this stage. However, it is still instructive to 
probe the theoretical binding modes between the enolate and the cationic catalyst, which is an 
important contributor to the origin of asymmetric induction. For this discussion, it was 
hypothesized that the negatively charged enolate binds preferentially to the exposed and 
positively charged regions of the cation. 
The charge distribution of each of the azoniapropellanes was calculated using Spartan 06. 
The most stable conformer of each cation was first obtained by the molecular mechanics method 
(MMFF). The electronic properties of these conformers were then predicted with the density 
functional theory method (B3LYP/6-31G*). The charge distribution within each cation is 
presented as an electrostatic potential surface (Figure 3.6-3.10). For clarity, hydrogens are 
omitted in each model. The vector of theoretical dipole moment is shown within each cation. The 
four vertices of the theoretical tetrahedron of the carbons around the quaternary ammonium 
cation are labeled as C(a), C(b), C(c) and C(d), respectively. The four faces of the tetrahedron are 
labeled as Face(abc), Face(bcd), Face(acd) and Face(abd), respectively. It is hypothesized that 
the enolate of 118 will bind preferentially to the sterically open and positively charged faces of 
the tetrahedron. The local chiral environment of the faces can potentially differentiate the two 
enantiotopic faces of the enolate and give rise to asymmetric induction. 
            As depicted in Figure 3.6, Face(abc) of the theoretical tetrahedron of the quaternary 
ammonium cation of 166 is most accessible and positively charged. It is thus expected that an 
enolate prefers to bind to this face. The methyl group at C(a) is likely responsible for the 
asymmetric induction. 
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Figure 3.6. Calculated electrostatic potential surface of the cation of 166 and expected 
preferential binding region. 
 
The cation of 168 seems to provide multiple possible binding sites. Positive charges 
spread over Faces “bcd”, “acd” as well as “abc”, and they are all sterically exposed. The higher 
accessibility may explain the higher reactivity of catalyst 168 compared to 166, even though the 
difference between them is merely an epimerized stereogenic center bearing a methyl group. 
Less defined binding modes of 168, on the other hand, may lead to the low selectivity observed. 
 
             
Figure 3.7. Calculated electrostatic potential surface of the cation of 168 and expected 
preferential binding region. 
 
The lack of selectivity of Group II cations is worthy of attention. The principal rationale 
for synthesis of catalysts 178 and 179 was that a benzyl group offering a π surface should exert 
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higher selectivities. The results, however, are in striking contrast to expectation. Calculations 
reveal that within the ground state conformer of cation 178, the benzyl ring of the α substituent 
tends to locate on top of Face(abc) and thus shields this face (Figure 3.8). A cation-π 
interaction115 may be responsible for stabilizing this conformer. Lacking any substituents, the 
only sterically open as well as positively charged Face(bcd) is not expected to provide any 
significant level of asymmetric induction when bound by the enolate. 
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Figure 3.8. Calculated electrostatic potential surface of the cation of 178 and the expected 
preferential binding region. 
 
Similarly, Face(abc) of the cation of 179 was shielded by the benzyl substituent (Figure 
3.9). Face(bcd) is unlikely to render asymmetric induction. Although there are two substituents 
on Face(cad), both substituents are orienting away from this face and are unlikely to differentiate 
the enantiotopic faces of the enolate. 
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Figure 3.9. Calculated electrostatic potential surface of the cation of 179 and expected 
preferential binding region. 
 
            The electronic structures of Group III cations are similar to each other, but drastically 
different from those of Group I and II. In Group I and Group II cations, negative charges are 
invariably concentrated around the benzyloxy groups, which are clearly responsible for the 
directions of the dipoles. For both Group III cations, the vector of the theoretical dipole 
essentially points upward, nearly parallel to the planes of the phenyl substituents, as depicted in 
Figure 3.10 and Figure 3.11,  
Face(abc) of cation of 201 is shielded by the two phenyl substituents and completely  
inaccessible. Instead, Face(abd) provides the preferred binding site. The phenyl ring on this face 
renders a low level of asymmetric induction (Figure 3.10). 
 
N
cation of 179
BnO
a
b
c
d
N
a
b
c
d
Ph
  
 
99
                                   
N
cation of 201
a
b
d
N
a
b
c
d
Ph
c
Ph
 
Figure 3.10. Calculated electrostatic potential surface of the cation of 201 and the expected 
preferential binding region. 
 
            Because of the C3 symmetry of the cation of 212, the three homotopic faces are equally 
accessible. Unfortunately, the two phenyl substituents within each face fail to provide significant 
enantioselectivity (Figure 3.11). 
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Figure 3.11. Calculated electrostatic potential surface of the cation of 212 and the expected 
preferential binding regions. 
 
3.5.3.5. Summary 
            A series of six chiral, enantiopure azoniapropellanes as phase transfer catalysts were 
tested in a benzylation reaction of a glycine imine derivative. A broad window of catalytic 
activities was observed, but the enantioselectivities were unfortunately low with these catalysts. 
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Using computational modeling, tentative correlation between the catalyst structure and activity 
was proposed. More sterically accessible cations tend to exhibit higher catalytic activities. The 
magnitudes of dipole moments of the catalysts seem to positively correlate with their catalytic 
activities.  
            The available ionic binding sites of azoniapropellanes are highly dependent on the details 
of the catalysts structures. The accessibility of multiple binding sites within one catalyst is 
undesirable for selectivities. The top face of an azoniapropellane can be shielded by the bulky α 
substituents such as benzyl or phenyl groups. The three side faces of an azoniapropellane, on the 
other hand, can potentially provide chiral environments if substituents at stereogenic centers are 
present.   
 
3.6. Conclusions and Outlook 
          The synthesis of a variety of 1-azoniapropellanes has been achieved through tandem 
cycloadditions of nitroalkene. One drawback of this synthetic approach is the low selectivity in 
one of the cycloaddition event. On the other hand, a highly convergent synthetic approach has 
been demonstrated, mainly utilizing the conjugate addition reaction of nitroalkane. Chiral, 
enantiopure 1-azoniapropellanes were employed as phase transfer catalysts in the benzylation 
reaction of a glycine imine derivative. Although efficient and selective catalysts have not been 
discovered yet, this method provides ample opportunities for flexible modification of 
azoniapropellanes. With this established synthetic routes, further investigation into catalysts of 
this scaffold is encouraging. 
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Experimental Chapter 4 
4.1. General Experimental 
Bulb-to-bulb distillations were done on a Büchi GKR-50 Kugelrohr apparatus and 
corresponding boiling points (bp) refer to air bath temperatures and are uncorrected.  Melting 
points (mp) were determined on a Thomas-Hoover capillary melting point apparatus in sealed 
tubes and corrected. 
Analytical TLC was performed on Merck Silica gel plates with QF-254 indicator.  
Visualization was accomplished with a UV light and/or a KMnO4, a cerium ammonium 
molybdate (CAM) solution, or an anisaldehyde solution.  Column chromatography was 
performed by the method of Still with 230-400 mesh silica gel. Solvents for extraction and 
chromatography were technical grade and distilled from the indicated drying agents: 
dichloromethane (CaCl2), ethyl acetate (K2CO3).  Diethyl ether and hexanes were reagent grade. 
Brine refers to a saturated aqueous solution of NaCl. 
1H NMR spectra were recorded on Varian Unity-400, Unity-500 in the indicated 
deuterated solvent.  Data are reported in the following order: chemical shift in ppm (δ) 
(multiplicity, which are indicated by br (broadened), s (singlet), d (doublet), t (triplet), q (quartet), 
m (multiplet)); coupling constants (J, Hz); integration; assignment.  Infrared spectra (IR) were 
obtained on a Mattson Galaxy 5020 spectrophotometer.  Peaks are reported in cm-1 with the 
following relative intensities:  s (strong, 67-100%), m (medium, 34-66%), w (weak, 1-33%).  
Mass spectra were performed by the University of Illinois Mass Spectroscopy Center.  
Electrospray ionization (ESI) mass spectrometry were performed on methanol solutions.  Data 
are reported in the form of m/e (intensity relative to base = 100).  Elemental analyses were 
performed by the University of Illinois Microanalytical Service Laboratory.  
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 All reactions were performed in oven-dried (140 °C) or flame-dried glassware under an 
inert atmosphere of dry N2.  The reaction temperatures refer to internal temperatures measured 
by Teflon-coated thermocouples, unless otherwise noted. Reaction solvents tetrahydrofuran 
(Fisher, HPLC grade), diethylether (Fisher, BHT stabilized ACS grade) and methylene chloride 
(Fisher, unstabilized HPLC grade) were dried by percolation through two columns packed with 
neutral alumina under a positive pressure of argon.  Reaction solvents hexane (Fisher, OPTIMA 
grade) and toluene (Fisher, ACS grade) were dried by percolation through a column packed with 
neutral alumina and a column packed with Q5 reactant, a supported copper catalyst for 
scavenging oxygen, under a positive pressure of argon. 
 
4.2. Literature Procedures 
The following compounds were prepared by literature methods: (E)-1-phenyl-2-
nitropropene (79),116  (E)-β-nitrostyrene (28a), (E)-1-(2-nitrovinyl)naphthalene (28b), (E)-2-(2-
nitrovinyl)-furan (28c), (E)-2-methoxy-β-nitrostyrene (28d), (E)-4-methoxy-β-nitrostyrene (28e), 
(E)-2-chloro-β-nitrostyrene (28f), (E)-4-chloro-β-nitrostyrene (28g), (E)-3-bromo-β-nitrostyrene 
(28h), 117  (E)-1-nitro-oct-1-ene (28i), 118  (Z)-tert-butyl(1-trimethylsilyl-1,3-
butadienyloxy)dimethylsilane (96) ， 62  benzyl vinyl ketone (174),101 4-Nitro-1,7-
diphenylheptane-1,7-dione (191), β-chloropropiophenone(198).108 
 
4.3. Commercial Chemicals 
 The following chemicals were obtained from commercial suppliers and purified 
according to the indicated procedure.  If no purification is listed, the compound was used as 
received from the manufacturer. 
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Reagent                                     Supplier                         Purification 
Acetonitrile Fisher Scientific Distilled (CaH2) 
Ammonium chloride Fisher Scientific 
Benzyl bromide Aldrich Chemical Co. 
BH3•THF Aldrich Chemical Co. 
BH3•SMe2 Aldrich Chemical Co. 
n-Butyl lithium Aldrich Chemical Co.  
t-Butyldimethylsilyl chloride Aldrich Chemical Co. 
n-Butyl vinyl ether Aldrich Chemical Co. Distilled (Na) 
Celite Fisher Scientific Washed (conc. HCl) 
DBU Aldrich Chemical Co. Distilled 
Ethyl acetate Fisher Scientific 
H2O  Deionized 
Heptane Fisher Scientific 
Magnesium sulfate Fisher Scientific 
Methanol Fisher Scientific 
NaHCO3 Fisher Scientific 
Nitromethane Fisher Scientific 
Palladium on carbon (10%) Aldrich Chemical Co. 
Phenylmagnesium bromide Aldrich Chemical Co. 
Potassium carbonate Fisher Scientific 
Raney nickel Strem 
Potassium hydride Acros Washed (hexanes) 
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Sodium sulfate Fisher Scientific 
Triethylamine Fisher Scientific Distilled (CaH2) 
Trimethylaluminum Aldrich Chemical Co. 
 
4.4. Experimental Procedures for Chapter 2 
 
4-Nitro-5-phenyl-3-trimethylsiloxycyclohex-1-ene (76) [MX-2-68] 
 
            To a cold (-70 ˚C) solution of nitrostyrene 28 (43 mg, 0.30 mmol, 1equiv) in dry CH2Cl2 
(1.5 mL) in a 5-mL, round-bottomed, two-neck flask under nitrogen was added 450μL of 2.0M 
Me3Al (0.90 mmol, 3equiv), followed by dienol ether 71 (85 mg, 0.60 mmol, 2equiv).  The 
reaction mixture was stirred at -70 ˚C for 1h. 1ml MeOH was added to the reaction mixture. The 
white precipitate was filtered off through a Celite pad.  The Celite pad was washed with CH2Cl2 
(10 mL) and the filtrate was concentrated.  Silica column chromatography (hexane/EtOAc, 6/1) 
gave 20mg (23%) of 76 as a colorless oil. 
Data for 76: 
 1H NMR:  (400 MHz, CDCl3) 
 7.35-7.16 (m, 5 H), 5.55-5.34 (m, 2 H, HC(1), HC(2)), 4.55 (dd, J = 12, 7.0, 1 H, 
HC(4)), 4.18 (m, 1 H, HC(3)), 3.52 (m, 1 H, HC(5)), 2.40 (m, 2 H, H2C(6)), 0.18 
(s, 9 H, HC(7)) 
 13C NMR: (100 MHz, CDCl3) 
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 138.49, 129.14, 127.88, 127.68, 125.50, 124.64 (Ph, C1, C2), 80.24 (C3), 44.37 
(C5), 36.31 (C3), 0.51 (C7) 
TLC:   Rf 0.54 (hexane/EtOAc, 4/1) [silica gel, CAM]  
 
6-Metyl-5,6-dihydro-3-methyl-4-phenyl-5-viny-1,2-oxazine N-Oxide (80) [MX-2-85] 
 
To a magnetically stirred solution of Ti(Oi-Pr)4 (69 μL, 0.24 mmol, 1.2 equiv) in CH2Cl2 
(0.5 mL) in a 5 mL two-neck flask was added TiCl4 (26 μL, 0.24 mmol, 1.2 equiv) under 
nitrogen.  The mixture was allowed to stir at room temperature for 30 min, then was added 
dropwise to a cold (-75 oC) solution of nitroalkene 79 (65 mg, 0.40 mmol) in CH2Cl2 (2.0 mL) in 
a 5 mL two-neck flask under nitrogen.  Then dienol ether 73 (80 μL, 0.80 mmol, 2 equiv) was 
slowly added at the same temperature.  The resulting solution was allowed to stir at -75 °C for 1 
h, after which the reaction mixture was poured into a vigorously stirred, ice-cold, saturated 
NaHCO3 solution (20 mL) and was allowed to warm to room temperature.  The mixture was 
taken up in 20 ml of ether and washed with water (2 ×10 mL), brine (10 mL), and the combined 
aqueous washes were back extracted with ether (2 ×20 mL). The organic extracts were dried 
(Na2SO4) and concentrated in vacuo to afford 82 mg of  80 (>80%) as a heavy oil. On the basis 
of 1H NMR analysis, the crude product 80 contained a mixture of diastereomers with no major 
impurities.  
Data for 80: 
 1H NMR:  (400 MHz, CDCl3) 
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 7.34-7.16 (m, 5 H), 5.75-5.69 (m, 1 H, HC(8)), 5.19-5.14 (m, 1H, HC(6)), 5.08-
5.00 (m, 2 H, HC(9), 3.76, 3.60 (d, J =8.6, 1 H, HC(4)), 3.64,3.58 (s, 2 H, 
HC(10)), 3.10, 2.80 (m, 1 H, HC(5)), 1.92, 1.86 (s, 3 H, H3C(7)) 
TLC:   Rf 0.48 (hexane/EtOAc, 3/1) [silica gel, CAM]  
 
4,6-Dimethyl-3-methoxy-4-nitro-5-phenyl-cyclohex-1-ene (83) and (E)-6-methoxy-3-methyl-
4-phenyl-5-(prop-1-enyl)-5,6-dihydro-4H-1,2-oxazine N-oxide (84)  [MX-2-94] 
 
A solution of Ti(Oi-Pr)2Cl2 (1.0 M, 600 μL, 0.60 mmol, 3 equiv) was added dropwise to a 
cold (-75 oC) solution of nitroalkene 79 (33 mg, 0.20 mmol, 1 equiv) and dienol ether 82 in 
CH2Cl2 (1.5 mL) in a 5 mL two-neck flask under nitrogen.  The resulting yellow solution was 
allowed to stir at -75 °C for 1 h.  Et3N 350 μL in MeOH (1 mL) was added to quench the 
reaction.  The mixture was taken up in 20 ml of ether and washed with water (2 ×10 mL), brine 
(10 mL), and the combined aqueous washes were back extracted with ether (2 ×20 mL). The 
organic extracts were dried (Na2SO4) and concentrated in vacuo and purified by silica gel 
chromatography (hexane/EtOAc, 6/1, 4/1, 2/1) to isolate 9.9 mg (30%) of starting nitroalkene 79, 
9.8 mg (19% yield) of 83 and 11 mg (21%) of 84. 
Data for 83: 
 1H NMR:  (400 MHz, CDCl3) 
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 7.34-7.10 (m, 5 H), 5.46-5.20 (m, 2 H, HC(1), HC(2)), 5.08-5.02 (m, 1H, HC(3)), 
3.62, 3.61 (s, 3 H, H3C(10), 3.45-3.42 (m, 1 H, HC(6)), 1.85, 1.80 (s, 3 H, 
H3C(9)), 1.62(d, J = 4.3), 1.58 (d, J = 4.0) (3 H, H3C(8)) 
TLC:   Rf 0.50 (hexane/EtOAc, 3/1) [silica gel, CAM]  
 
Data for 84: 
 1H NMR:  (400 MHz, CDCl3) 
 7.35-7.17 (m, 5 H), 5.60 (dq, J = 17.6, 7.2, 1 H, HC(9)), 5.08 (d, J = 2.4, 1H, 
HC(6)), 4.81(m, HC(8), 3.70 (d, J = 6.4, 1 H, HC(4)), 3.05 (dt, J 9= 2.4, 6.4, 1 H, 
HC(5)), 1.92(s, 3 H, H3C(7)), 1.58 (dd, J = 7.2, 1.0, 3 H, H3C(10)) 
TLC:   Rf 0.37 (hexane/EtOAc, 3/1) [silica gel, p-anisaldehyde]  
 
6-(tert-Butyldimethylsilyloxy)-6-ethoxy-3-methyl-4-phenyl-5-vinyl-5,6-dihydro-4H-1,2-
oxazine N-oxide (92) [MX-3-48] 
NO2
Ph
+
Me3AlOTBS
OEtH3C
8679 92
N
OO
Me
Ph
O
7 4
5
6
3
8
9
O
Si
Me
MeMe
Me
Me
12
13
10
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      To a cold (-75 ˚C) solution of nitroalkene 79 (35.3 mg, 0.22 mmol, 1 equiv) and dienol ether 
86 (59.3 mg, 0.26 mmol, 1.2 equiv) in dry CH2Cl2 (1.5 mL) in a 5-mL, round-bottomed, two-
neck flask under nitrogen was added 325 μL of 2.0M Me3Al (0.65 mmol, 3 equiv) over 2 hours. 
1ml MeOH was then added to the reaction mixture. The white precipitate was filtered off 
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through a Celite pad. The Celite pad was washed with CH2Cl2 (10 mL) and the filtrate was 
concentrated.  Silica column chromatography (hexane/EtOAc, 6/1) gave 63.4mg (23%) of 92 as 
a colorless oil. 
Data for 92: 
 1H NMR:  (500 MHz, CDCl3) 
 7.35-7.09 (m, 5 H), 5.65 (m, 1 H, HC(8)), 5.08 (d, J = 12.3, 1 H, HC(9)), 4.65 (d, 
J = 16.3, 1 H, HC(9)), 3.85 (m, 2 H, H2C(10)), 3.45 (d, J = 11.0, 1 H, HC(4)), 
2.60 (t, J = 11.0, 1 H, HC(5)), 1.80 (s, 3 H, H3C(7)), 1.20 (t, J = 7.3, 3 H, 
H3C(11)), 0.90 (s, 9 H, (H3C)3C), 0.18 (s, 3 H, H3C(12)), 0.10 (s, 3 H, H3C(12)) 
 13C NMR: (100 MHz, CDCl3) 
 139.11, 133.06, 129.11, 128.87, 127.82, 120.7 (Ph, C8, C9), 115.288 (C6), 57.79 
(C10), 55.59 (C5), 50.33 (C4), 25.87 (C13), 18.40, 17.58, 15.36 (C7, C11, C13), -
2.43, -3.53 (C12) 
TLC:   Rf 0.57 (hexane/EtOAc, 3/1) [silica gel, CAM]  
 
1-Morpholino-2-(2-nitro-1-phenylethyl)but-3-en-1-one (93) [MX-3-56] 
 
A solution of Ti(Oi-Pr)2Cl2 (1.0 M, 600 μL, 0.60 mmol, 3 equiv) was added dropwise to a 
cold (-70 oC) solution of nitrostyrene 28 (30 mg, 0.20 mmol, 1 equiv) and dienol ether 89 in 
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CH2Cl2 (1.5 mL) in a 5 mL two-neck flask under nitrogen. The resulting yellow solution was 
allowed to stir at -70 °C for 2 h. Et3N 350 μL in MeOH (1 mL) was added to quench the reaction. 
The mixture was taken up in 20 ml of ether and washed with water (2 ×10 mL), brine (10 mL), 
and the combined aqueous washes were back extracted with ether (2 ×20 mL). The organic 
extracts were dried (Na2SO4) and concentrated in vacuo and purified by silica gel 
chromatography (hexane/EtOAc, 6/1, 4/1, 2/1) to 46 mg (75%) of 93 as a colorless oil. 1H NMR 
indicated the product exists as two rotamers at room temperature.   
Data for 93: 
 1H NMR:  (400 MHz, CDCl3) 
 7.35-7.18 (m, 5 H), 5.66 (ddd, J = 17.3, 10.0, 7.4,1 H, HC(3)), 5.14 (d, J = 10.3, 1 
H, HC(4)), 5.05 (d, J = 17.3, 1 H, HC(4)), 4.95 (dd, J = 12.7, 8.6, 1 H, HC(6)), 
4.79 (dd, J = 12.7, 4.1, 1 H, HC(6)), 3.90 (dt, J = 8.5, 4.4, 1 H, HC(5)), 3.98 (t, J = 
8.3, 1 H, HC(2)), 3.63 (t, J = 2.7, 4 H, H2C(8)), 3.55-3.35 (m, 4 H, H2C(7)) 
TLC:   Rf 0.25 (hexane/EtOAc, 3/1) [silica gel, CAM]  
 
General Procedure I. SnCl4 Promoted Conjugate Addition of Conjugate Addition of 
Acylsilane-derived Dienol Ether to Nitroalkenes. Preparation of (E)-6-Nitro-5-phenyl-1-
(trimethylsilyl)hex-2-en-1-one (97a) (Table 2.1, entry 1) [MX-7-6] 
NO2
+
SiMe3
OSiMe3
96
NO2
Si
O
28a 97a
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Me
Me
1
246
35
7
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9
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11SnCl4
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To a cold (-70 ˚C, internal temperature) solution of nitroalkene 28a (175 mg, 1.17 mmol, 
1.0 equiv) and dienol ether 96 (515 mg, 1.40 mmol, 1.2 equiv) in dry CH2Cl2 (4.0 mL) in a 50-
mL, round-bottomed, two-necked flask under nitrogen was added a CH2Cl2 solution of SnCl4 
(0.50 M, 2.58 mL, 1.29 mmol, 1.1 equiv) dropwise via syringe through a septum over 40 seconds. 
The resulting, yellow solution was allowed to stir at -70 ˚C for 10 min. With vigorous stirring, a 
MeOH solution of Et3N (1.0 M, 5.7 mL, 5.7 mmol, 4.9 equiv) was rapidly added to the reaction 
mixture, followed by H2O (1 mL). The mixture was warmed to ambient temperature and passed 
through a silica gel plug (3 cm × 2 cm) and then was eluted with CH2Cl2 (40 mL). The organic 
eluent was dried (Na2SO4) and concentrated in vacuo. In a dark environment, the organic residue 
was purified by column chromatography (SiO2, 30 mm × 20 cm, hexane/EtOAc, 10/1, 8/1, 3/1) 
to afford 248 mg (73 %) of  97a as a heavy yellow oil. 
Data for 97a 
1H NMR:        (500 MHz, CDCl3) 
  7.38-7.29 (m, 3 H, H-phenyl), 7.21-7.18 (m, 2 H, H-phenyl), 6.43 (dt, J = 16.1, 
7.1, 1 H, HC(3)), 6.30 (dt, J = 16.1, 1.2, 1 H, HC(2)), 4.61 (d, J = 7.5, 2 H, HC(6), 
HC(6’)), 3.66, (m, 1 H, HC(5)), 2.66, (m, 2 H, HC(4), HC(4’)), 0.12 (s, 9 H, 
HC(11)) 
 13C NMR: (126 MHz, CDCl3) 
  236.5 (C(1)), 142.7 (C(3)), 138.3 (C(2)), 137.9 (C(7)), 129.2 (C(9)), 128.4 (C(10)), 
127.4 (C(8)), 79.9 (C(6)), 43.5 (C(5)), 36.2 (C(4)), -2.2 (C(11)) 
 IR: (neat) 
  3065 (w), 3032 (m), 2959 (m), 2917 (m), 2896 (m), 2361 (w), 2342 (w), 1953 (w), 
1876 (w), 1809 (w), 1639 (m), 1590 (s), 1553 (s), 1496 (m), 1455 (m), 1434 (m), 
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1379 (s), 1259 (s), 1190 (m), 1153 (m), 1089 (w), 980 (m), 846 (s), 762 (m), 701 
(m) 
 TLC: Rf 0.28 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 Analysis: C15H21NO3Si (291.42) 
  Calcd:   C, 61.40; H, 7.90; N, 4.77% 
  Found:  C, 61.21; H, 7.87; N, 4.91% 
 
 (E)-5-(Naphthalen-1-yl)-6-nitro-1-(trimethylsilyl)hex-2-en-1-one (97b) (Table 2.1, entry 2) 
[MX-7-20] 
NO2
+
SiMe3
OSiMe3
96
NO2
Si
O
28b 97b
Me
Me
Me
1
246
35
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10
11SnCl4
11
12
13
14
15 16
 
Following General Procedure I, nitroalkene 28b (234 mg, 1.17 mmol, 1.0 equiv) was 
combined with dienol ether 96 (303 mg, 1.41 mmol, 1.2 equiv), and a CH2Cl2 solution of SnCl4 
(0.50 M, 2.58 mL, 1.29 mmol, 1.1 equiv) to yield, after column chromatography, 320 mg (80 %) 
of 97b as a heavy yellow oil.  
Data for 97b  
1H NMR:        (500 MHz, CDCl3) 
  8.13 (d, J = 8.5, 1 H, HC(15)), 7.89 (d, J = 8.0, 1 H, HC(12)), 7.82 (d, J = 7.7, 1 H, 
HC(10)), 7.61 (m, 1 H, HC(14)), 7.54 (t, J = 7.9, 1 H, HC(13)), 7.47 (t, J = 7.6, 1 
H, HC(9)), 7.34 (d, J = 7.1, 1 H, HC(8)), 6.43 (dt, J = 16.1, 7.0, 1 H, HC(3)), 6.19 
(d, J = 16.1, 1 H, HC(2)), 4.76 (m, 2 H, HC(6), HC(6’)), 4.65 (m, 1 H, HC(5)), 
2.86, (t, J = 7.0, 2 H, HC(4), HC(4’)), 0.00 (s, 9 H, HC(17)) 
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 13C NMR: (126 MHz, CDCl3) 
  236.5 (C(1)), 142.6 (C(3)), 138.4 (C(2)), 134.1 (C(7)), 133.8 (C(11)), 131.19 
(C(16)), 129.3 (C(12)), 128.6 (C(10)), 127.0 (C(14)), 126.1 (C(13)), 125.3 (C(9)), 
123.6 (C(8)), 122.0 (C(15)), 79.4 (C(6)), 37.1 (C(5)), 36.1 (C(4)), -2.4 (C(17)) 
 IR: (neat) 
  3455 (w), 3050 (m), 2960 (m), 2904 (m), 2360 (w), 2341 (w), 2256 (w), 2092 (w), 
1947 (w), 1877 (w), 1811 (w), 1735 (s), 1692 (s), 1638 (m), 1589 (s), 1553 (s), 
1513 (m), 1434 (m), 1398 (m), 1376 (s), 1339 (m), 1249 (s), 1194 (m), 1171 (m), 
1155 (m), 1095 (w), 1046 (s), 978 (m), 950 (w), 846 (s), 800 (s), 780 (s), 758 (m), 
735 (m), 698 (m) 
 TLC: Rf 0.27 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 Analysis: C19H23NO3Si (341.48) 
  Calcd:   C, 66.83; H, 6.79; N, 4.10% 
  Found:  C, 66.43; H, 6.64; N, 4.13% 
 
 (E)-5-(Furan-2-yl)-6-nitro-1-(trimethylsilyl)hex-2-en-1-one (97c) (Table 2.1, entry 3) [MX-
7-11] 
 
Following General Procedure I, nitroalkene 28c (169 mg, 1.21 mmol, 1.0 equiv) was 
combined with dienol ether 96 (313 mg, 1.46 mmol, 1.2 equiv), and a CH2Cl2 solution of SnCl4   
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(0.50 M, 2.68 mL, 1.34 mmol, 1.1 equiv) to yield, after column chromatography, 228 mg (67 %) 
of 97c as a as a heavy yellow oil. 
Data for 97c  
1H NMR:        (500 MHz, CDCl3) 
  7.38 (m, 1 H, HC(10)), 6.51 (dt, J = 7.2, 16.1, 1 H, HC(3)), 6.32 (m, 1 H, HC(9)), 
6.22 (dt, J = 1.2, 16.2, 1 H, HC(2)), 6.17 (d, J = 3.2, 1 H, HC(8)), 4.65 (m, 2 H, 
HC(6), HC(6’)), 3.83 (m, 1 H, HC(5)), 2.67, (t, J = 7.0, 2 H, HC(4), HC(4’)), 0.20 
(s, 9 H, HC(11)) 
 13C NMR: (126 MHz, CDCl3) 
  236.5 (C(1)), 151.0 (C(7)), 142.6 (C(3)), 142.0 (C(10)), 138.3 (C(2)),  110.4 
(C(9)), 107.8 (C(8)), 77.5 (C(6)), 37.0 (C(5)), 34.1 (C(4)), -2.2 (C(11)) 
 IR: (neat) 
  3150 (w), 3122 (w), 3027 (w), 2921 (m), 2902 (m), 2251 (w), 2107 (w), 2015 (w), 
1950 (w), 1717 (m), 1638 (m), 1590 (s), 1555 (s), 1506 (m), 1433 (m), 1377 (s), 
1350 (m), 1287 (m), 1250 (s), 1189 (m), 1149 (m), 1076 (w), 1013 (m), 980 (m), 
948 (w), 916 (m), 884 (m), 846 (s), 739 (s), 700 (m) 
 TLC: Rf 0.32 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 Analysis: C13H19NO4Si (281.38) 
  Calcd:   C, 55.49; H, 6.81; N, 4.98% 
  Found:  C, 55.38; H, 6.46; N, 4.94% 
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(E)-5- (2-Methoxyphenyl)-6-nitro-1-(trimethylsilyl)hex-2-en-1-one (97d) (Table 2.1, entry 4) 
[MX-7-24] 
 
Following General Procedure I, nitroalkene 7d (205 mg, 1.14 mmol, 1.0 equiv) was 
combined with dienol ether 10 (294 mg, 1.37 mmol, 1.2 equiv), and a CH2Cl2 solution of SnCl4   
(0.50 M, 2.53 mL, 1.26 mmol, 1.1 equiv) to yield, after column chromatography, 336 mg (91 %) 
of 97d as a as a heavy yellow oil. 
Data for 97d 
1H NMR:        (500 MHz, CDCl3) 
  7.26 (m, 1 H, HC(10)), 7.08 (dd, J = 7.6, 1.5, 1 H, HC(12)), 6.93-6.88 (m, 2 H, 
HC(9), HC(11)), 6.48 (dt, J = 16.2, 7.1, 1 H, HC(3)), 6.13 (d, J = 16.1, 1 H, 
HC(2)), 4.74-4.63 (m, 2 H, HC(6), HC(6’)), 3.95 (m, 1 H, HC(5)), 3.85 (s, 3 H, 
HC(13)), 2.84-2.64 (m, 2 H, HC(4), HC(4’)), 0.03 (s, 9 H, HC(14)) 
 13C NMR: (126 MHz, CDCl3) 
  236.6 (C(1)), 157.2 (C(8)), 144.3 (C(3)), 138.1 (C(2)), 129.2 (C(12)), 129.0 
(C(10)), 125.7 (C(7)), 121.0 (C(11)), 111.1 (C(9)), 78.6 (C(6)), 55.3 (C(13)), 39.2 
(C(5)), 34.6 (C(4)), -2.2 (C(14)) 
 IR: (neat) 
  3650 (w), 3160 (m), 3167 (w), 3026 (w), 3005 (m), 2960 (m), 2920 (m), 2903 (m), 
2840 (m), 2048 (w), 1947 (w), 1903 (w), 1784 (w), 1737 (w), 1694 (w), 1638 (m), 
1589 (s), 1552 (s), 1495 (s), 1464 (s), 1439 (s), 1379 (s), 1290 (m), 1247 (s), 1189 
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(m), 1162 (m), 1121 (m), 1054 (m), 1028 (s), 980 (m), 956 (w), 937 (w), 847 (s), 
807 (m), 702 (m) 
 TLC: Rf 0.31 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 Analysis: C16H23NO4Si (321.44) 
  Calcd:   C, 59.78; H, 7.21; N, 4.36% 
  Found:  C, 60.03; H, 7.18; N, 4.42% 
 
(E)-5- (2-Methoxyphenyl)-6-nitro-1-(trimethylsilyl)hex-2-en-1-one (97e) (Table 2.1, entry 5) 
[MX-7-10] 
 
Following General Procedure I, nitroalkene 28e (203 mg, 1.13 mmol, 1.0 equiv) was 
combined with dienol ether 96 (291 mg, 1.36 mmol, 1.2 equiv), and a CH2Cl2 solution of SnCl4   
(0.50 M, 2.50 mL, 1.25 mmol, 1.1 equiv) to yield, after column chromatography, 300 mg (82 %) 
of 97e as a as a heavy yellow oil. 
Data for 97e 
1H NMR:        (500 MHz, CDCl3) 
  7.11 (d, J = 8.7, 2 H, HC(8)), 6.87 (d, J = 8.7, 2 H, HC(9)), 6.43 (dt, J = 16.0, 8.8, 
1 H, HC(3)), 6.19 (d, J = 16.1, 1 H, HC(2)), 4.57 (m, 2 H, HC(6), HC(6’)), 3.79 (s, 
3 H, HC(11)), 3.62 (m, 1 H, HC(5)), 2.62, (m, 2 H, HC(4), HC(4’)), 0.14 (s, 9 H, 
HC(12)) 
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 13C NMR: (126 MHz, CDCl3) 
  236.5 (C(1)), 159.3 (C(10)), 143.0 (C(3)), 138.2 (C(2)), 128.5 (C(8)), 114.5 (C(9)), 
80.2 (C(6)), 55.3 (C(11)), 42.8 (C(5)), 36.3 (C(4)), -2.2 (C(12)) 
 IR: (neat) 
  3651 (w), 3161 (w), 3001 (m), 2959 (m), 2907 (m), 2839 (m), 2603 (w), 2555 (w), 
2394 (w), 2058 (w), 1947 (w), 1887 (w), 1765 (s), 1690 (s), 1639 (m), 1613 (s), 
1588 (s), 1555 (s), 1515 (s), 1464 (m), 1441 (m), 1380 (s), 1304 (m), 1250 (s), 
1181 (s), 1154 (m), 1116 (m), 1088 (w), 1035 (s), 980 (m), 936 (w), 846 (s), 758 
(m), 727 (m), 699 (m) 
 TLC: Rf 0.23 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 Analysis: C16H23NO4Si (321.44) 
  Calcd:   C, 59.78; H, 7.21; N, 4.36% 
  Found:  C, 59.60; H, 6.88; N, 4.46% 
 
(E)-5-(2-Chlorophenyl)-6-nitro-1-(trimethylsilyl)hex-2-en-1-one (97f) (Table 2.1, entry 6) 
[MX-4-28] 
 
Following General Procedure I, nitroalkene 28f (229 mg, 1.25 mmol, 1.0 equiv) was 
combined with dienol ether 96 (321 mg, 1.50 mmol, 1.2 equiv), and a CH2Cl2 solution of SnCl4   
(0.50 M, 2.74 mL, 1.37 mmol, 1.1 equiv) to yield, after column chromatography, 298 mg (73 %) 
of 97f as a as a heavy yellow oil. 
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Data for 97f  
1H NMR:        (500 MHz, CDCl3) 
  7.42 (dd, J = 7.4, 1.8, 1 H, HC(9)), 7.31-7.17 (m, 3 H, HC(10), HC(11), HC(12)), 
6.46 (dt, J = 16.1, 7.1, 1 H, HC(3)), 6.16 (dt, J = 7.1, 1.2, 1 H, HC(2)), 4.72-4.63 
(m, 2 H, HC(6), HC(6’)), 4.29 (m, 1 H, HC(5)), 2.73, (m, 2 H, HC(4), HC(4’)), 
0.14 (s, 9 H, HC(13)) 
 13C NMR: (126 MHz, CDCl3) 
  236.5 (C(1)), 142.2 (C(3)), 138.5 (C(2)), 135.2 (C(7)), 134.1 (C(8)), 130.5 (C(9)), 
129.2 (C(12)), 128.0 (C(10)), 127.5 (C(11)), 78.2 (C(6)), 39.3 (C(5)), 35.1 (C(4)), 
-2.3 (C(13)) 
 IR: (neat) 
  3147 (w), 3065 (w), 3025 (w), 2960 (m), 2920 (m), 2903 (m), 2751 (w), 2364 (w), 
2345 (w), 2107 (w), 1930 (w), 1716 (m), 1695 (m), 1639 (m), 1589 (s), 1555 (s), 
1478 (m), 1437 (m), 1378 (s), 1282(m), 1251 (s), 1192 (m), 1159 (m), 1131 (m), 
1092 (w), 1038 (m), 980 (m), 951 (w), 847 (s), 759 (s), 739 (m), 701 (m), 677 (m) 
 TLC: Rf 0.28 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 Analysis: C15H20ClNO3Si (325.86) 
  Calcd:   C, 55.29; H, 6.19;  N, 4.30;  Cl, 10.88% 
  Found:  C, 55.08; H, 5.92; N, 4.22;  Cl, 11.07% 
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(E)-5-(4-Chlorophenyl)-6-nitro-1-(trimethylsilyl)hex-2-en-1-one (97g) (Table 2.1, entry 7) 
[MX-7-44] 
 
Following General Procedure I, nitroalkene 28g (251 mg, 1.37 mmol, 1.0 equiv) was 
combined with dienol ether 10 (351 mg, 1.64 mmol, 1.2 equiv), and a CH2Cl2 solution of SnCl4   
(0.50 M, 3.00 mL, 1.50 mmol, 1.1 equiv) to yield, after column chromatography, 274 mg (61 %) 
of 97g as a as a heavy yellow oil. 
Data for 97g  
1H NMR:        (500 MHz, CDCl3) 
  7.33 (m, 2 H, HC(9)), 7.14 (m, 2 H, HC(8)), 6.42 (dt, J = 16.1, 7.2, 1 H, HC(3)), 
6.19 (dt, J = 16.2, 1.3, 1 H, HC(2)), 4.60 (m, 2 H, HC(6), HC(6’)), 3.66 (m, 1 H, 
HC(5)), 2.67-2.59 (m, 2 H, HC(4), HC(4’)), 0.15 (s, 9 H, HC(11)) 
 13C NMR: (126 MHz, CDCl3) 
  236.3 (C(1)), 141.6 (C(3)), 138.3 (C(2)), 136.5 (C(7)), 134.0 (C(10)), 129.4 (C(9)), 
128.8 (C(8)), 79.6 (C(6)), 42.9 (C(5)), 36.1 (C(4)), -2.3 (C(11)) 
 IR: (neat) 
  3513 (w), 3159 (w), 3030 (w), 2960 (m), 2903 (m), 2460 (w), 2107 (w), 1903 (w), 
1714 (s), 1640 (m), 1590 (s), 1554 (s), 1494 (m), 1434 (m), 1414 (m), 1379 (s), 
1306 (w), 1250 (s), 1190 (m), 1154 (m), 1110 (m), 1093 (m), 1014 (m), 980 (m), 
846 (s), 757 (m), 718 (m), 701 (m) 
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 TLC: Rf 0.20 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 Analysis: C15H20ClNO3Si (325.86) 
  Calcd:   C, 55.29; H, 6.19;  N, 4.30;  Cl, 10.88% 
  Found:  C, 55.28; H, 5.96; N, 4.19;  Cl, 11.27% 
 
 (E)-5-(3-Bromophenyl)-6-nitro-1-(trimethylsilyl)hex-2-en-1-one (97h) (Table 2.1, entry 8) 
[MX-7-23] 
 
Following General Procedure I, nitroalkene 28h (456 mg, 2.00 mmol, 1.0 equiv) was 
combined with dienol ether 96 (515 mg, 2.40 mmol, 1.2 equiv), and a CH2Cl2 solution of SnCl4   
(0.50 M, 4.40 mL, 2.20 mmol, 1.1 equiv) to yield, after column chromatography, 283 mg (49 %) 
of 97h as a as a heavy yellow oil. 
Data for 97h  
1H NMR:        (500 MHz, CDCl3) 
  7.43 (m, 1 H, HC(10)), 7.35 (d, J = 1.5, 1 H, HC(8)), 7.24 (m, 1 H, HC(11)), 7.13 
(m, 1 H, HC(12)), 6.40 (m, 1 H, HC(3)), 6.19 (dd, J = 16.2, 1.4, 1 H, HC(2)), 4.60 
(m, 2 H, HC(6), HC(6’)), 3.64 (m, 1 H, HC(5)), 2.64, (m, 2 H, HC(4), HC(4’)), 
0.15 (s, 9 H, HC(13)) 
 13C NMR: (126 MHz, CDCl3) 
  
 
120
  236.3 (C(1)), 141.6 (C(3)), 140.3 (C(7)), 138.4 (C(2)), 131.3 (C(8)), 130.8 (C(11)), 
130.6 (C(10)), 126.1 (C(12)), 123.2 (C(9)), 79.4 (C(6)), 43.1 (C(5)), 36.1 (C(4)), -
2.3 (C(13)) 
 IR: (neat) 
  3651 (w), 2959 (m), 2903 (m), 1949 (w), 1871 (w), 1804 (w), 1693 (m), 1640 (m), 
1591 (s), 1575 (s), 1557 (s), 1478 (m), 1433 (s), 1378 (s), 1250 (s), 1192 (m), 
1155 (m), 1076 (m), 997 (m), 980 (m), 846 (s), 787 (s), 759 (m), 697 (s) 
 HRMS:  (ESI)  
Calcd for C15H20BrNO3Si (M+): 369.0396 
Found: 369.0395  
 TLC: Rf 0.27 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 Analysis: C15H20BrNO3Si (370.31) 
  Calcd:   C, 48.65; H, 5.44;  N, 3.78;  Br, 21.58% 
  Found:  C, 48.68; H, 5.29; N, 3.71;  Br, 20.92% 
 
(E)-5-(Nitromethyl)-1-(trimethylsilyl)undec-2-en-1-one (97i) (Table 2.1, entry 9) [MX-9-43] 
 
To a cold (-40 ˚C, internal temperature) solution of nitroalkene 28i (398 mg, 2.53 mmol, 
1.0 equiv) and dienol ether 96 (652 mg, 3.04 mmol, 1.2 equiv) in dry CH2Cl2 (2.5 mL) in a 25-
mL, round-bottomed, two-necked flask under nitrogen was added a CH2Cl2 solution of Me2AlCl 
(1.0 M, 5.6 mL, 5.6 mmol, 2.2 equiv) via syringe through a septum over 4 h. With vigorous 
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stirring, a  mixture of 1.0 M of Et3N and 2.0 M of MeOH in CH2Cl2 6.1 mL was added dropwise 
to the reaction mixture. The mixture was poured into a saturated aqueous solution of NaHCO3 
(30 mL) in a separatory funnel and EtOAc (20 mL) was added. The separated aqueous layer was 
extracted with EtOAc (2 × 20 mL). The combined organic layer was washed with brine and then 
dried (Na2SO4) and concentrated in vacuo. In a dark environment, the organic residue was 
purified by column chromatography (SiO2, 30 mm × 20 cm, hexane/EtOAc, 20/1, 3/1) to afford 
342 mg (45 %) of 97i as a heavy yellow oil. 
Data for 97i  
1H NMR:        (500 MHz, CDCl3) 
  6.43 (dt, J = 16.1, 7.3, 1 H, HC(3)), 6.30 (d, J = 16.1, 1 H, HC(2)), 4.31 (m, 2 H, 
HC(12)), 2.42 (m, 1 H, HC(5)), 2.33 (m, 2 H, HC(4), HC(4’)), 1.42-1.25 (m, 10 H, 
HC(6), HC(6’), HC(7), HC(8), HC(9), HC(10)), 0.88 (t, J = 7.0, 3 H, HC(11)), 
0.26 (s, 9 H, HC(13)) 
 13C NMR: (126 MHz, CDCl3) 
  236.3 (C(1)), 142.6 (C(3)), 138.3 (C(2)), 78.8 (C(12)), 36.9 (C(4)), 34.5 (C(6)), 
31.6 (C(5)), 31.2 (C(9)), 29.1 (C(8)), 26.5 (C(7)), 22.5 (10), 14.0 (C(11)), -2.2 
(C(13)) 
 IR: (neat) 
  2957 (s), 2930 (s), 2859 (s), 1637 (m), 1592 (s), 1552 (s), 1459 (m), 1436 (m), 
1382 (s), 1250 (s), 1191 (m), 981 (m), 846 (s), 800 (s), 758 (m), 700 (m) 
 TLC: Rf 0.48 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 Analysis: C15H29NO3Si (299.48) 
  Calcd:   C, 60.16; H, 9.76; N, 4.68% 
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  Found:  C, 60.51; H, 9.76; N, 4.78 % 
 
General Procedure II. Photoinduced Protodesilylation of α,β-Unsaturated Acysilane. 
Preparation of (E)-6-Nitro-5-phenylhex-2-enal (107a) (Table 2.2, entry 1) [MX-8-20] 
 
α,β-Unsaturated acylsilane 97a (473 mg, 1.62 mmol) was dissolved in MeOH (60 mL) 
in a 250 mL round-bottomed flask and water (20mL) was added with stirring. The flask was 
sealed with a septum and was cooled in a cold bath of isopropanol to maintain an internal 
temperature at -10 ˚C by an immersion cooler. The solution was irradiated with light generated 
from a 250 W bulb 10 cm away from the top of the solution. After irradiation for 12 h, the 
yellow color of the solution faded. The solution was then concentrated under vacuo to 30 mL and 
was then extracted with CH2Cl2 (3 × 20 ml). The combined organic layers were washed with 
brine (50 mL), dried over Na2SO4 and were then passed through a silica gel plug (3 cm × 3 cm), 
eluting with CH2Cl2 (60 mL). The organic eluent was concentrated and the residue was purified 
by column chromatography (SiO2, 30 mm × 20 cm, hexane/EtOAc, 10/1, 8/1, 6/1, 4/1, 3/1) to 
afford 267 mg (75%) of 107a as a heavy colorless oil. 
Data for 107a  
1H NMR:        (500 MHz, CDCl3) 
  9.40 (d, J = 7.8, 1H, HC(1)), 7.36 (m, 2 H, HC(9)), 7.32 (m, 2 H, HC(8)), 7.20 (m, 
1 H, HC(10)), 6.60 (dt, J = 15.6, 7.1, 1 H, HC(3)) 6.08 (ddq, J = 15.6, 7.8, 1.4, 1 
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H, HC(2)), 4.61 (t, J = 7.9, 2 H, HC(6), HC(6’)), 3.70, (m, 1 H, HC(5)), 2.77 (m, 
2 H, HC(4), HC(4’)) 
 13C NMR: (126 MHz, CDCl3) 
  193.2 (C(1)), 152.5 (C(3)), 137.5 (C(2)), 135.2 (C(7)), 129.3 (C(9)), 128.3 (C(8)), 
127.3 (C(10)), 79.9 (C(6)), 43.1 (C(5)), 35.9 (C(4)) 
 IR: (neat) 
  3358 (w), 3064 (m), 3031 (m), 3007 (m), 2920 (m), 2747 (m), 1958 (w), 1884 (w), 
1812 (w), 1691 (vs), 1639 (m), 1604 (m), 1552 (vs), 1495 (m), 1455 (m), 1434 (s), 
1380(s), 1340 (w), 1314 (w), 1203 (w), 1177 (m), 1132 (s), 1087 (m), 1012 (m), 
978 (s), 950 (w) , 917 (w), 882 (w), 847 (w), 764 (s), 736 (m), 702 (s), 651 (w) 
 HRMS:  (EI)  
Calcd for C12H13NO3 (M+): 219.0896 
Found: 219.0893  
 TLC: Rf 0.14 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 
(E)-5-(Naphthalen-1-yl)-6-nitrohex-2-enal (107b) (Table 2.2, entry 2) [MX-8-54] 
 
Following General Procedure II, acylsilane 97b (601 mg, 1.76 mmol) was irradiated to 
yield, after column chromatography, 373 mg (79 %) of 107b as a as a heavy colorless oil. 
Data for 107b  
1H NMR:        (500 MHz, CDCl3) 
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  9.33 (d, J = 7.8, 1H, HC(1)), 8.12 (d, J = 8.5, 1 H, HC(15)), 7.92 (d, J = 8.5, 1 H, 
HC(12)), 7.84 (d, J = 8.3, 1 H, HC(10)), 7.63 (m, 1 H, HC(14)), 7.56 (m, 1 H, 
HC(13)), 7.49 (m, 1 H, HC(9)), 7.35 (m, 1 H, HC(8)), 6.62 (dt, J = 16.6, 7.0, 1 H, 
HC(3)) 6.12 (m,1 H, HC(2)), 4.78-4.67 (m, 3 H, HC(6), HC(6’), H(5)), 3.05-2.94, 
(m, 2 H, HC(4), HC(4’)) 
 13C NMR: (126 MHz, CDCl3) 
  193.2 (C(1)), 152.5 (C(3)), 135.1 (C(2)), 134.2 (C(7)), 133.1 (C(11)), 131.0 
(C(16)), 129.4 (C(12)), 128.8 (C(10)), 127.1 (C(14)), 126.2 (C(13)), 125.3 (C(9)), 
123.7 (C(8)), 121.8 (C(15)), 79.4 (C(6)), 37.0 (C(5)), 35.4 (C(4)) 
 IR: (neat) 
  3435 (m), 2360 (m), 2342 (m), 2255 (w), 1690 (m), 1646 (m), 1557 (m), 1495 (m), 
1456 (w), 1435 (w), 1376 (w), 1131 (w), 977 (w), 779 (m) 
 HRMS:  (EI)  
Calcd for C16H15NO3 (M+): 269.1052 
Found: 269.1051 
 TLC: Rf 0.14 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 
 (E)-5-(Furan-2-yl)-6-nitrohex-2-enal (107c) (Table 2.2, entry 3) [MX-8-84] 
 
Following General Procedure II, acylsilane 97c (326 mg, 1.16 mmol) was irradiated to 
yield, after column chromatography, 192 mg (79 %) of 107c as a as a heavy colorless oil. 
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Data for 107c  
1H NMR:        (500 MHz, CDCl3) 
  9.46 (d, J = 7.8, 1H, HC(1)), 7.38 (m, 1 H, HC(10)), 6.67 (dt, J = 15.6, 7.1, 1 H, 
HC(3)) 6.32 (m, 1 H, HC(9)), 6.18 (m, 1 H, HC(8)), 6.13 (m, 1 H, HC(2)), 4.62 
(m, 2 H, HC(6), HC(6’)), 3.85, (m, 1 H, HC(5)), 2.76 (m, 2H, HC(4), HC(4’)) 
 13C NMR: (126 MHz, CDCl3) 
  193.2 (C(1)), 151.9 (C(3)), 150.5 (C(7)), 142.8 (C(10)), 135.3 (C(2)), 110.5 (C(9)), 
107.9 (C(8)), 77.4 (C(6)), 36.7 (C(5)), 33.8 (C(4)) 
 IR: (neat) 
  3647 (w), 3508 (w), 3363 (w), 3150 (w), 3123 (m), 3029 (w), 3002 (w), 2921 (m), 
2829 (m), 2751 (m), 2460 (w), 2253 (w), 2024 (w), 1690 (s), 1641 (s), 1590 (m), 
1553 (s), 1506 (s), 1434 (s), 1378 (s), 1349 (m), 1317 (m), 1286 (w), 1239 (m), 
1177 (s), 1148 (s), 1130 (s), 1079 (m), 1014 (s), 979 (s), 947 (w) , 916 (m), 885 
(m), 813 (m), 743 (s), 692 (m), 648 (m) 
 HRMS:  (EI)  
Calcd for C10H11NO4 (M+): 209.0688 
Found: 209.0687 
 TLC: Rf 0.16 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 
 (E)-5-(2-Methoxyphenyl)-6-nitrohex-2-enal (107d) (Table 2.2, entry 4) [MX-8-15] 
 
  
 
126
Following General Procedure II, acylsilane 97d (504 mg, 1.57 mmol) was irradiated to 
yield, after column chromatography, 309 mg (79 %) of 107d as a as a heavy colorless oil. 
Data for 107d 
1H NMR:        (500 MHz, CDCl3) 
  9.39 (d, J = 7.8, 1H, HC(1)), 7.28 (m, 1 H, HC(10)), 7.09 (dd, J = 7.6, 1.7, 1 H, 
HC(12)), 6.95-6.89 (m, 2 H, HC(11), HC(9)), 6.63 (dt, J = 15.6, 7.1, 1 H, HC(3)) 
6.07 (dd, J = 15.6, 7.8, 1 H, HC(2)), 4.68 (m, 2 H, HC(6), HC(6’)), 3.70, (s, 3 H, 
HC(13)), 2.91-2.76 (m, 2 H, HC(4), HC(4’)) 
 13C NMR: (126 MHz, CDCl3) 
  193.5 (C(1)), 157.1 (C(8)), 153.9 (C(3)), 134.7 (C(2)), 129.3 (C(12)), 128.8 
(C(10)), 125.3 (C(7)), 121.0 (C(11)), 111.1 (C(9)), 78.4 (C(6)), 55.4 (C(13)), 38.8 
(C(5)), 34.3 (C(4)) 
 IR: (neat) 
  3649 (w), 3510 (w), 3359 (w), 3067 (m), 3006 (m), 2942 (m), 2920 (m), 2840 (m), 
2745 (m), 2488 (w), 2251 (w), 2046 (w), 1947 (w), 1908 (w), 1689 (s), 1639 (m), 
1601 (m), 1587 (m), 1551 (s), 1495 (s), 1464 (s), 1439 (s), 1380 (s), 1291 (m), 
1246 (s), 1178 (m), 1135 (s), 1117 (s), 1054 (m), 1027 (s), 977 (s), 952 (w) , 907 
(m), 883 (m), 854 (m), 805 (w), 757 (s), 653 (m) 
 HRMS:  (EI)  
Calcd for C13H15NO4 (M+): 249.1001 
Found: 249.1001 
 TLC: Rf 0.16 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
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(E)-5-(4-Methoxyphenyl)-6-nitrohex-2-enal (107e) (Table 2.2, entry 5) [MX-8-6] 
 
Following General Procedure II, acylsilane 97e (374 mg, 1.16 mmol) was irradiated to 
yield, after column chromatography, 236 mg (81 %) of 107e as a as a heavy colorless oil. 
Data for 107e  
1H NMR:        (500 MHz, CDCl3) 
  9.40 (d, J = 7.8, 1H, HC(1)), 7.11 (m, 2 H, HC(8)), 6.89 (m, 2 H, HC(9)), 6.59 (dt, 
J = 15.6, 7.2, 1 H, HC(3)) 6.08 (m, 1 H, HC(2)), 4.57 (m, 2 H, HC(6)), 3.80 (s, 3 
H, HC(11)), 3.65 (m, 1 H, HC(5)), 2.74 (m, 2 H, HC(4)) 
 13C NMR: (126 MHz, CDCl3) 
  193.2 (C(1)), 159.4 (C(10)), 152.7 (C(3)), 135.1 (C(2)), 129.3 (C(7)), 128.4 (C(8)), 
114.6 (C(9)), 80.2 (C(6)), 55.3 (C(11)), 42.4 (C(5)), 36.0 (C(4)) 
 IR: (neat) 
  3650 (w), 3528 (w), 3358 (w), 3002 (m), 2959 (m), 2937 (m), 2920 (m), 2838 (m), 
2748 (m), 2605(w), 2553 (w), 2498 (w), 2430 (w), 2252 (w), 2058 (w), 1992 (w), 
1890 (w), 1689 (s), 1639 (m), 1612 (m), 1584 (m), 1552 (vs), 1515 (s), 1463 (m), 
1440 (m), 1380(s), 1303 (m), 1251 (s), 1181 (s), 1132 (s), 1114 (m), 1082 (m), 
1032 (m), 977 (m), 906 (m) ,  882(m), 834 (m), 812 (m), 726 (m), 693 (m) 
 HRMS:  (EI)  
Calcd for C13H15NO4 (M+): 249.1001 
Found: 249.1000 
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 TLC: Rf 0.10 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 
(E)-5-(2-Chlorophenyl)-6-nitrohex-2-enal (107f) (Table 2.2, entry 6) [MX-8-46] 
 
Following General Procedure II, acylsilane 97f (415 mg, 1.27 mmol) was irradiated to 
yield, after column chromatography, 234 mg (72 %) of 107f as a as a heavy colorless oil. 
Data for 107f  
1H NMR:        (500 MHz, CDCl3) 
  9.42 (d, J = 7.8, 1H, HC(1)), 7.43 (dd, J = 7.7, 1.3, 1 H, HC(9)), 7.31-7.21 (m, 2 H, 
HC(11), HC(12)), 7.19 (dd, J = 7.3, 2.0, 1 H, HC(10)), 6.64 (dt, J = 15.6, 7.1, 1 H, 
HC(3)) 6.09 (m, 1 H, HC(2)), 4.66 (m, 2 H, HC(6), HC(6’)), 4.30 (p, J = 7.3, 1 H, 
HC(5)), 2.85 (t, J = 7.3, 2 H, HC(4)) 
 13C NMR: (126 MHz, CDCl3) 
  193.2 (C(1)), 152.0 (C(3)), 135.3 (C(2)), 134.9 (C(7)), 134.0 (C(8)), 130.6 (C(12)), 
129.4 (C(9)), 127.8 (C(10)), 127.6 (C(11)), 78.1 (C(6)), 39.0 (C(5)), 34.8 (C(4)) 
 IR: (neat) 
  2826 (w), 2748 (w), 2255 (m), 2046 (w), 1691 (s), 1639 (w), 1557 (s), 1478 (m), 
1439 (m), 1378 (m), 1177 (m), 1123(m), 1039 (m), 978 (m) 
 HRMS:  (EI)  
Calcd for C12H12ClNO3 (M+): 253.0506 
Found: 253.0507 
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 TLC: Rf 0.17 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 
(E)-5-(4-Chlorophenyl)-6-nitrohex-2-enal (107g) (Table 2.2, entry 7) [MX-8-53] 
 
Following General Procedure II, acylsilane 97g (383 mg, 1.18 mmol) was irradiated to 
yield, after column chromatography, 229 mg (77 %) of 107g as a as a heavy colorless oil. 
Data for 107g 
1H NMR:        (500 MHz, CDCl3) 
  9.41 (d, J = 7.6, 1H, HC(1)), 7.34 (d, J = 8.3, 2 H, HC(9)), 7.14 (d, J = 8.4, 2 H, 
HC(8)), 6.57 (dt, J = 15.6, 7.1, 1 H, HC(3)) 6.08 (dd, J = 15.6, 7.7, 1 H, HC(2)), 
4.59 (m, 2 H, HC(6), H(6’)), 3.68 (p, J = 7.4, 1 H, HC(5)), 2.74 (m, 2H, HC(4), 
HC(4’)) 
 13C NMR: (126 MHz, CDCl3) 
  193.1 (C(1)), 151.9 (C(3)), 136.0 (C(7)), 135.3 (C(2)), 134.1 (C(10)), 129.5 (C(9)), 
128.7 (C(8)), 79.5 (C(6)), 42.4 (C(5)), 35.7 (C(4)) 
 IR: (neat) 
  3665 (w), 3500 (w), 3363 (w), 3090 (w), 3032 (m), 2921 (m), 2828 (m), 2748 (m), 
1905 (m), 11731 (w), 1693(s), 1682 (s), 1652 (s), 1597 (m), 1557 (s), 1495 (s), 
1435 (s), 1416 (m), 1379(s), 1309 (w), 1284 (w), 1247 (w), 1203 (m), 1177 (m), 
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1132 (s), 1108 (s), 1093 (s), 1087 (m), 1014 (s), 977 (s), 952 (w) , 906 (w), 882 
(w), 831 (m), 773 (w), 736 (m), 719 (m), 669 (m), 648 (m) 
 HRMS:  (EI)  
Calcd for C12H12ClNO3 (M+): 253.0506 
Found: 253.0507 
 TLC: Rf 0.10 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 
(E)-5-(3-Bromophenyl)-6-nitrohex-2-enal (107h) (Table 2.2, entry 8) [MX-8-88] 
 
Following General Procedure II, acylsilane 97h (748 mg, 2.02 mmol) was irradiated to 
yield, after column chromatography, 456 mg (76 %) of 107h as a as a heavy colorless oil. 
Data for 107h  
1H NMR:        (500 MHz, CDCl3) 
  9.42 (d, J = 7.8, 1H, HC(1)), 7.45 (m, 1 H, HC(10)), 7.38 (t, J = 1.8, 1 H, HC(8)), 
7.25 (t, J = 8.0, 1 H, HC(11)), 7.14 (d, J = 7.8, 1 H, HC(12)), 6.58 (dt, J = 15.6, 
7.1, 1 H, HC(3)) 6.09 (m, 1 H, HC(2)), 4.59 (m, 2 H, HC(6), HC(6’)), 3.67, (p, J = 
7.6, 1 H, HC(5)), 2.75 (m, 2H, HC(4)) 
 13C NMR: (126 MHz, CDCl3) 
  193.0 (C(1)), 151.6 (C(3)), 139.9 (C(7)), 135.4 (C(2)), 131.6 (C(8)), 130.9 (C(11)), 
130.4 (C(10)), 126.1 (C(12)), 123.4 (C(9)), 79.5 (C(6)), 42.7 (C(5)), 35.8 (C(4)) 
 IR: (neat) 
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  3361 (w), 2919 (m), 2827 (m), 2747 (m), 1694 (s), 1682 (s), 1644 (m), 1594 (m), 
1568 (s), 1557 (s), 1479 (m), 1434 (s), 1378(s), 1178 (m), 1132 (s), 1076 (m), 977 
(s), 881 (m), 788 (s), 696 (s), 666 (m) 
 HRMS:  (EI)  
Calcd for C12H12BrNO3 (M+): 297.0001 
Found: 297.0000 
 TLC: Rf 0.13 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 
(E)-5-(Nitromethyl)undec-2-enal (107i) (Table 2.2, entry 9) [MX-9-47] 
NO2
SiMe3
O
97i 107i
NO2
O
1
24
6
35
7
H
hv
CH3 CH3
8 9
10 11
12
 
Following General Procedure II, acylsilane 97i (545 mg, 1.82 mmol) was irradiated to 
yield, after column chromatography, 328 mg (79 %) of 107i as a as a heavy colorless oil. 
Data for 107i 
1H NMR:        (500 MHz, CDCl3) 
  9.53 (d, J = 7.8, 1H, HC(1)), 6.677 (dt, J = 15.7, 7.3, 1 H, HC(3)) 6.18 (dd, J = 
15.7, 7.8, 1 H, HC(2)), 4.34 (m, 2 H, HC(6), HC(6’)), 2.44 (d, J = 5.6, 3 H, HC(4), 
HC(4’), HC(5)), 1.42-1.24 (m, 10 H, HC(7), HC(8), HC(9), HC(10), HC(11)), 
0.88 (t, J = 6.9, 3 H, HC(12)) 
 13C NMR: (126 MHz, CDCl3) 
  193.3 (C(1)), 153.2 (C(3)), 135.5 (C(2)), 78.6 (C(12)), 36.7 (C(4)), 34.5 (C(6)), 
31.5 (C(9)), 31.2 (C(5)), 29.1(C(8)), 26.3 (C(7)), 22.5 (C(10)), 14.0 (C(11)) 
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 IR: (neat) 
  3365 (w), 2930 (s), 2859 (s), 2740 (m), 1693 (s), 1638 (m), 1551 (s), 1466 (m), 
1435 (s), 1382(s), 1306 (w), 1203 (w), 1179 (m), 1143 (s), 1113 (m), 1011 (m), 
979 (s), 877 (w) , 787 (w), 723 (m) 
 HRMS:  (CI)  
Calcd for C12H21NO3 (M+ + 1): 228.1600 
Found: 228.1859 
 TLC: Rf 0.34 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 
General Procedure III. Elaboration of Nitro Enals into N-Tosyl Azepanes. Preparation of 
3-Phenyl-1-tosylazepane (108a) (Table 2.2, entry 1) [MX-8-21, MX-8-22] 
NO2
H
O
107a
N
O2
S
Me
1
108a
4
5
6
7
8
9
10
11
1213
14
15
1) H2, cat. Pd-C, THF-H2O (20/1)
2) Al-Hg,THF-H2O (5/1)
3) TsCl, Et3N, CH2Cl2
2 3
 
Enal 107a (226 mg, 1.03 mmol) was dissolved in 21 mL of THF-H2O (20/1) in a 50-mL, 
round-bottomed flask equipped with a magnetic stir bar. Pd-C (10 wt%, 45 mg) was added. The 
flask was hooked up to a hydrogenation manifold and the solution stirred vigorously at ambient 
temperature under an atmosphere of H2 for 1h. The reaction mixture was filtered through a silica 
gel plug (10 mm × 2 cm) with a short pad of Celite on top, eluting with THF (30mL). H2O (7 ml) 
was added to the eluate. The resulting homogeneous solution was transferred to a 100-mL, 
round-bottomed flask, which was then cooled in a water bath. Aluminum amalgam (300 mg) was 
freshly prepared based upon a literature procedure119 and was added right away to the precooled 
solution of saturated aldehyde. The resulting suspension was stirred vigorously for 1h at ambient 
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temperature. The reaction mixture was then filtered through a Celite pad (3 cm × 1 cm) with a 
filter paper on top, eluting with MeOH (50 mL). All the solvent was removed under vacuo. The 
organic residue was redissolved in CH2Cl2. TsCl (295 mg, 1.55 mmol, 1.5 equiv.) was then added, 
followed by Et3N (215 μL, 1.55 mmol, 1.5 equiv). The solution was allowed to stand at ambient 
temperature for 1 h and then concentrated under vacuo. The residue was purified by column 
chromatography (SiO2, 30 mm × 20 cm, hexane/EtOAc, 10/1, 4/1) to give 311mg of 108a as a 
heavy colorless oil. The product was crystallized from EtOH to afford 269 mg (82%) of an 
analytically pure white solid. 
Data for 108a  
 mp:  99.5-100.5 °C (EtOH)  
 1H NMR:  (500 MHz, CDCl3) 
  7.68 (m, 2 H, HC(12)), 7.34-7.18 (m, 7 H, aromatic H’s), 3.68 (m, 1 H, HC(1)), 
3.58 (m, 1 H, HC(6)), 3.15 (m, 1 H, HC(6’)), 2.96 (m, 2 H, HC(1’), HC(2)), 2.41 
(s, 3 H, HC(15)), 2.05-1.92 (m, 2 H, HC(3),  HC(5)), 1.91 (m, 1 H, HC(4)), 1.79-
1.61 (m, 3 H, HC(3’), HC(4’), HC(5’) ) 
 13C NMR: (126 MHz, CDCl3) 
  144.3 (C(7)), 142.9 (C(11)), 136.4 (C(20)), 129.6 (C(13)), 128.6 (C(9)), 127.2 
(C(8)), 126.9 (C(12)), 126.5 (C(10)), 54.5 (C(1)), 48.2 (C(6)), 47.7 (C(2)), 35.0 
(C(3)), 28.8 (C(5)), 25.4 (C(4)), 21.5 (C(15)) 
 IR: (neat) 
  3156 (w), 2937 (m), 2360 (s), 2342 (s), 1794 (w), 1600 (m), 1459 (m), 1382 (w), 
1336 (s), 1159 (s), 1092 (m), 1047 (w), 814 (w) 
 TLC: Rf 0.36 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
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 Analysis: C19H23NO2S (329.46)  
  Calcd:   C, 69.27; H, 7.04; N, 4.25% 
  Found:  C, 69.17; H, 7.20; N, 4.38% 
 
3-(Naphthalen-1-yl)-1-tosylazepane (108b) (Table 2.2, entry 2) [MX-8-81, MX-8-82] 
 
Following General Procedure III, enal 107b (319 mg, 1.18 mmol, 1.0 equiv) was first 
hydrogenated in the presence of Pd-C (10 wt%, 64 mg). The saturated aldehyde was then 
combined with aluminum amalgam (300 mg) to afford the crude azepane, which was then 
combined with TsCl (337 mg, 1.77 mmol, 1.5 equiv) and Et3N (245 μL, 1.77 mmol, 1.5 equiv) to 
yield 108b as a solid after column chromatography. The product was recrystallized from EtOH 
to afford 278 mg (62%) of an analytically pure white solid. 
Data for 108b 
 mp:  147.6-148.0 °C (EtOH)  
 1H NMR:  (500 MHz, CDCl3) 
  8.24 (d, J = 8.6, 1 H, HC(15)), 7.86 (d, J = 8.2, 1 H, HC(12)), 7.73 (d, J = 8.2, 1 H, 
HC(10)), 7.64 (d, J = 8.2, 2 H, HC(18)), 7.58 (m, 1 H, HC(14)), 7.51 (m, 1 H, 
HC(13)), 7.41 (m, 1 H, HC(9)), 7.31 (d, J = 7.2, 1 H, HC(8)), 7.23 (d, J = 8.0, 2 H, 
HC(19)), 3.90-3.82 (m, 2 H, HC(1), HC(2)), 3.76 (m, 1 H, HC(6)), 3.13 (m, 1 H, 
HC(6’)), 2.97 (m, 1 H, HC(1’)), 2.38 (s, 3 H, HC(21)), 2.17-2.10 (m, 2 H, HC(3), 
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HC(5)), 2.04-1.96 (m, 1 H, HC(4)), 1.92 (m, 1 H, HC(3’)), 1.84 (m, 1 H, HC(4’)), 
1.74-1.71 (m, 1 H, HC(5’)) 
 13C NMR: (126 MHz, CDCl3) 
  142.9 (C(17)), 140.3 (C(7)), 136.5 (C(20)), 133.8 (C(11)), 131.2 (C(16)), 129.6 
(C(19)), 128.8 (C(12)), 127.1 (C(10)), 126.9 (C(18)), 126.3 (C(16)), 125.6 (C(13)), 
125.4 (C(9)), 123.3 (C(15)), 123.1 (C(8)), 54.4 (C(1)), 48.5 C(6)), 42.0 (C(2)), 
34.8 (C(3)), 28.9 (C(5)), 25.5 (C(4)), 21.4 (C(21)) 
 IR: (neat) 
  2937 (w), 2857 (w), 2360 (s), 2342 (s), 1598 (m), 1456 (m), 1397 (w), 1336 (s), 
1159 (s), 1092 (m), 1047 (w), 815 (w), 800.4 (w) 
 TLC: Rf 0.31 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 Analysis: C23H25NO2S (379.52)  
  Calcd:   C, 72.79; H, 6.64; N, 3.69% 
  Found:  C, 72.71; H, 6.68; N, 3.96% 
 
3-(Furan-2-yl)-1-tosylazepane (108c) (Table 2.2, entry 3) [MX-8-89, MX-8-90] 
 
Following General Procedure III, enal 107c (238 mg, 1.14 mmol, 1.0 equiv) was first 
hydrogenated in the presence of Pd-C (10 wt%, 48 mg). The saturated aldehyde was then 
combined with aluminum amalgam (350 mg) to afford the crude azepane, which was then 
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combined with TsCl (326 mg, 1.71 mmol, 1.5 equiv) and Et3N (237 μL, 1.77 mmol, 1.5 equiv) to 
yield 108c as a solid after column chromatography. The product was recrystallized from EtOH to 
afford 211 mg (58%) of an analytically pure white solid. 
Data for 108c  
 mp:  79.5-80.5 °C (EtOH)  
 1H NMR:  (500 MHz, CDCl3) 
  7.68 (d, J = 8.3, 2 H, HC(12)), 7.31-7.21 (m, 3 H, HC(10), HC(13)), 6.27 (dd, J = 
3.2, 1.7, 1 H, HC(9)), 6.03 (d, J = 3.2, 1 H, HC(8)), 3.87 (dd, J = 13.9, 4.6, 1 H, 
HC(1)), 3.60 (m, 1 H, HC(6)), 3.14 (m, 1 H, HC(1’)), 3.02 (m, 1 H, HC(6’)), 2.95 
(dd, J = 14.0, 10.5, 1 H, HC(2)), 2.41 (s, 3 H, HC(15)), 2.06 (m, 1 H, HC(3)), 1.95 
(m, 1 H, HC(5)), 1.83 (m, 1 H, HC(4)), 1.72-1.61 (m, 3 H, HC(3’), HC(4’), 
HC(5’)) 
 13C NMR: (126 MHz, CDCl3) 
  156.9 (C(7)), 143.0 (C(14)), 141.2 (C(10)), 136.5 (C(11)), 129.6 (C(12)), 126.9 
(C(13)), 109.9 (C(9)), 104.5 (C(8)), 51.9 (C(2)), 49.0 (C(6)), 40.3 (C(1)), 32.2 
(C(3)), 28.9 (C(5)), 24.3 (C(4)), 21.5 (C(15)) 
 IR: (neat) 
  2935 (m), 2859 (m), 1915 (w), 1801 (w), 1646 (w), 1598 (m), 1505 (m), 1491 (m), 
1460 (m), 1447 (m), 1396 (w), 1375 (w), 1337 (s), 1238 (m), 1225 (m), 1207 (m), 
1157 (s), 1117 (m), 1091 (s), 1044 (m), 1011 (m), 814 (m), 698 (m) 
 TLC: Rf 0.36 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 Analysis: C17H21NO3S (319.42)  
  Calcd:   C, 63.92; H, 6.63; N, 4.39% 
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  Found:  C, 63.86; H, 6.65; N, 4.46% 
 
3-(2-Methoxyphenyl)-1-tosylazepane (108d) (Table 2.2, entry 4) [MX-8-16, MX-8-17] 
 
Following General Procedure III, enal 107d (262 mg, 1.05 mmol, 1.0 equiv) was first 
hydrogenated in the presence of Pd-C (10 wt%, 52 mg). The saturated aldehyde was then 
combined with aluminum amalgam (300 mg) to afford the crude azepane, which was then 
combined with TsCl (300 mg, 1.58 mmol, 1.5 equiv) and Et3N (292 μL, 2.10 mmol, 2.0 equiv) to 
yield 108d as a solid after column chromatography. The product was recrystallized from EtOH 
to afford 316 mg (84%) of an analytically pure white solid. 
Data for 108d 
 mp:  81.6-83.1 °C (EtOH)  
 1H NMR:  (500 MHz, CDCl3) 
  7.66 (d, J = 8.3, 2 H, HC(15)), 7.27 (d, J = 8.3, 2 H, HC(16)), 7.19 (m, 1 H, 
HC(10)), 7.11 (dd, J = 7.6, 1.5, 1 H, HC(12)), 6.90 (m, 1 H, HC(11)), 6.86(d, J = 
8.0, 1 H, HC(9)), 3.82 (s, 3 H, HC(13)), 3.66 (dd, J = 13.2, 4.4, 1 H, HC(1)), 3.52 
(m, 1 H, HC(6)), 3.33 (m, 1 H, HC(1’)), 3.21 (dt, J = 13.4, 5.5, 1 H, HC(6’)), 3.08 
(dd, J = 13.3, 10.8, 1 H, HC(2)), 1.99 (m, 1 H, HC(5)), 1.92-1.84 (m, 2 H, HC(3), 
HC(4)), 1.80 (m, 1 H, HC(3’)), 1.66 (m, 1 H, HC(5’)), 1.59 (m, 1 H, HC(4’)),  
 13C NMR: (126 MHz, CDCl3) 
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  156.6 (C(8)), 142.7 (C(17)), 136.7 (C(14)), 132.6 (C(7)), 129.5 (C(16)), 127.5 
(C(12)), 127.4 (C(10)), 127.0 (C(15)), 120.6 (C(11)), 110.6 (C(9)), 55.3 (C(1)), 
52.9 (C(13)), 48.1 C(6)), 40.8 (C(2)), 33.5 (C(3)), 28.8 (C(5)), 26.0 (C(4)), 21.4 
(C(18)) 
 IR: (neat) 
  3063 (w), 3029 (w), 2932 (m), 2858 (m), 2360 (s), 1598 (m), 1585 (m), 1493 (s), 
1463 (m), 1439 (m), 1400 (w), 1371 (w), 1336 (s), 1305 (m), 1290 (m), 1243 (s), 
1201 (m), 1184 (w), 1157 (s), 1120 (m), 1092 (m), 1045 (m), 1029 (m), 993 (w), 
971 (w), 927 (m), 880 (w), 853 (w), 815 (m), 780 (w), 754 (m), 725 (m) 
 TLC: Rf 0.31 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 Analysis: C20H25NO3S (359.48)  
  Calcd:   C, 66.82; H, 7.01; N, 3.90% 
  Found:  C, 66.65; H, 7.27; N, 4.04% 
 
3-(4-Methoxyphenyl)-1-tosylazepane (108e) (Table 2.2, entry 5) [MX-8-43, MX-8-44] 
NO2
H
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1) H2, cat. Pd-C, THF-H2O (20/1)
2) Al-Hg,THF-H2O (5/1)
3) TsCl, Et3N, CH2Cl2
2 3
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13
MeOOMe  
Following General Procedure III, enal 107e (259 mg, 1.04 mmol, 1.0 equiv) was first 
hydrogenated in the presence of Pd-C (10 wt%, 50 mg). The saturated aldehyde was then 
combined with aluminum amalgam (300 mg) to afford the crude azepane, which was then 
combined with TsCl (297 mg, 1.56 mmol, 1.5 equiv) and Et3N (217 μL, 1.56 mmol, 1.5 equiv) to 
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yield 108e as a solid after column chromatography. The product was recrystallized from EtOH to 
afford 306 mg (82%) of an analytically pure white solid. 
Data for 108e  
 mp:  118.9-120.4 °C (EtOH)  
 1H NMR:  (500 MHz, CDCl3) 
  7.65 (d, J = 6.6, 2 H, HC(14)), 7.27 (d, J = 5.9, 2 H, HC(13)), 7.11 (d, J = 6.8, 2 H, 
HC(8)), 6.84 (d, J = 6.6, 2 H, HC(9)), 3.79 (s, 3 H, HC(11)), 3.64 (m, 1 H, HC(1)), 
3.56 (m, 1 H, HC(6)), 3.12 (m, 1 H, HC(6’)), 2.95-2.87 (m, 2 H, HC(1’), HC(2)), 
2.40 (s, 3 H, HC(16)), 2.07-1.85 (m, 3 H, HC(5), HC(3), H(4)), 1.75-1.58 (m, 3 H, 
HC(3’), HC(5’), HC(4’)) 
 13C NMR: (126 MHz, CDCl3) 
  158.2 (C(10)), 142.9 (C(15)), 136.49 (C(12)), 136.45 (C(7)), 129.6 (C(14)), 128.1 
(C(8)), 126.9 (C(13)), 113.9 (C(9)), 55.2 (C(1)), 54.7 C(11)), 48.1 (C(2)), 46.8 
(C(6)), 35.1 (C(3)), 28.8 (C(5)), 25.4 (C(4)), 21.4 (C(16)) 
 IR: (neat) 
  3030 (w), 2928 (m), 2856 (m), 1610 (m), 1598 (m), 1582 (m), 1538 (w), 1513 (s), 
1494 (m), 1461 (m), 1401(w), 1336 (s), 1304 (m), 1288 (m), 1246(m), 1179 (m), 
1157 (s), 1117 (m), 1091 (m), 1035 (m), 1013 (m), 936 (m), 880 (w), 854 (w), 
830 (m), 815 (m), 785 (w), 734 (m), 719 (m), 703 (m) 
 TLC: Rf 0.27 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 Analysis: C20H25NO3S (359.48)  
  Calcd:   C, 66.82; H, 7.01; N, 3.90% 
  Found:  C, 66.68; H, 7.12; N, 4.00% 
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3-(2-Chlorophenyl)-1-tosylazepane (108f) (Table 2.2, entry 6) [MX-8-48, MX-8-49] 
 
Following General Procedure III, enal 107f (341 mg, 1.34 mmol, 1.0 equiv) was first 
hydrogenated in the presence of Pd-C (10 wt%, 68 mg). The saturated aldehyde was then 
combined with aluminum amalgam (400 mg) to afford the crude azepane, which was then 
combined with TsCl (383 mg, 2.01 mmol, 1.5 equiv) and Et3N (280 μL, 2.01 mmol, 1.5 equiv) to 
yield 393 mg (81%) of 108f as analytically pure white solid.  
Data for 108f  
 mp:  68.0-68.5 °C (EtOH)  
 1H NMR:  (500 MHz, CDCl3) 
  7.67 (d, J = 8.2, 2 H, HC(14)), 7.34 (d, J = 7.9, 1 H, HC(9)), 7.27 (d, J = 8.1, 2 H, 
HC(15)), 7.22-7.20 (m, 2 H, HC(11), HC(11)), 7.14 (m, 1 H, HC(10)), 3.65 (dd, J 
= 13.3, 4.6, 1 H, HC(1)), 3.49-3.41 (m, 2 H, HC(6), HC(2)), 3.28 (dt, J = 13.7, 5.4, 
1 H, HC(6’)), 3.09 (dd, J = 13.3, 10.8, 1 H, HC(1’)), 2.41 (s, 3 H, HC(17)), 2.02-
1.89 (m, 3 H, HC(3), HC(5), HC(4)), 1.81-1.68 (m, 2 H, HC(5’), HC(3’)), 1.61 (m, 
1 H, HC(4’)) 
 13C NMR: (126 MHz, CDCl3) 
  143.0 (C(16)), 141.8 (C(13)), 136.5 (C(7)), 133.3 (C(8)), 129.63 (C(15)), 129.61 
(C(12)), 127.8 (C(9)), 127.6 (C(10)), 127.1 (C(11)), 126.9 (C(14)), 52.8 (C(1)), 
48.3 (C(6)), 42.9 (C(2)), 33.8 (C(3)), 29.0 (C(5)), 26.0 (C(4)), 21.5 (C(17)) 
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 IR: (neat) 
  3065 (w), 2932 (m), 28056 (m), 1917 (w), 1806 (w), 1598 (m), 1570 (w), 1494 
(m), 1461 (m), 1474 (m), 1444 (m), 1400 (w), 1336 (s), 1305 (m), 1288 (m), 
1254(w), 1234 (w), 1184 (m), 1158 (s), 1109 (m), 1092 (m), 1075 (w), 1044 (m), 
1036 (m), 1010 (m), 993 (m), 971 (w), 853 (w), 814 (m), 815 (m) 
 TLC: Rf 0.32 (hexane/EtOAc, 3/1) [silica gel, UV, I2] 
 Analysis: C19H22ClNO2S (379.52)  
  Calcd:   C, 62.71; H, 6.09; N, 3.85% 
  Found:  C, 62.57; H, 6.17; N, 3.95% 
 
3-(4-Chlorophenyl)-1-tosylazepane (108g) (Table 2.2, entry 7) [MX-8-74, MX-8-75] 
 
Following General Procedure III, enal 107g (257 mg, 1.01 mmol, 1.0 equiv) was first 
hydrogenated in the presence of Pd-C (10 wt%, 50 mg). The saturated aldehyde was then 
combined with aluminum amalgam (300 mg) to afford the crude azepane, which was then 
combined with TsCl (290 mg, 1.52 mmol, 1.5 equiv) and Et3N (155 μL, 1.11 mmol, 1.1 equiv) to 
yield 108g as an oil after column chromatography. The product was crystallized from MeOH to 
afford 222 mg (60%) of an analytically pure white solid. 
Data for 108g  
 mp:  94.6-96.4 °C (EtOH)  
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 1H NMR:  (500 MHz, CDCl3) 
  7.64 (d, J = 6.6, 2 H, HC(13)), 7.30-7.26 (m, 4 H, HC(12), HC(8)), 7.12 (d, J = 
6.9, 1 H, HC(9)), 3.62 (m, 1 H, HC(1)), 3.56 (m, 1 H, HC(6)), 3.11 (m, 1 H, 
HC(6’)), 3.00-2.85 (m, 2 H, HC(1’), HC(2)), 2.40 (s, 3 H, HC(15)), 2.04 (m, 1 H, 
HC(3)), 1.96 (m, 1 H, HC(5)), 1.90 (m, 1 H, HC(4)), 1.72-1.60 (m, 3 H, HC(3’), 
HC(4’), HC(5’)) 
 13C NMR: (126 MHz, CDCl3)  
  143.0 (C(7)), 142.7 (C(11)), 136.4 (C(14)), 132.2 (C(10)), 129.6 (C(13)), 128.7 
(C(9)), 128.5 (C(8)), 126.9 (C(12)), 54.3 (C(1)), 48.2 (C(2)), 47.1 (C(6)), 35.0 
(C(3)), 28.7 (C(5)), 25.3 (C(4)), 21.5 (C(15)) 
 IR: (neat) 
  3028 (w), 2928 (m), 2858 (m), 1598 (m), 1493 (s), 1462 (m), 1446 (m), 1410 (w), 
1371 (w), 1336 (s), 1157 (s), 1091 (s), 1046(m), 1013 (m), 930 (m), 912 (m), 850 
(w), 815 (w), 735 (m), 714 (m), 686 (m), 650 (m) 
 TLC: Rf 0.34 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 Analysis: C19H22ClNO2S (363.90)  
  Calcd:   C, 62.71; H, 6.09; N, 3.85% 
  Found:  C, 62.74; H, 6.09; N, 3.97% 
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3-(3-Bromophenyl)-1-tosylazepane (108h) (Table 2.2, entry 8) [MX-9-32, MX-9-33] 
 
Following General Procedure III, enal 107h (426 mg, 1.43 mmol, 1.0 equiv) was first 
hydrogenated in the presence of Pd-C (10 wt%, 85 mg). The saturated aldehyde was then 
combined with aluminum amalgam (450 mg) to afford the crude azepane, which was then 
combined with TsCl (409 mg, 2.15 mol, 1.5 equiv) and Et3N (300 μL, 2.15 mmol, 1.5 equiv) to 
yield 256 mg (44%) of 108h as a solid after column chromatography. A portion of the product 
was recrystallized from EtOH to afford an analytically pure white solid. 
Data for 108h  
 mp:  89.1-90.1 °C (EtOH)  
 1H NMR:  (500 MHz, CDCl3) 
  7.65 (d, J = 8.3, 2 H, HC(15)), 7.35 (m, 1 H, HC(10)), 7.30 (m, 1 H, HC(8)), 7.29 
(d, J = 7.8, 2 H, HC(14)), 7.17 (t, J = 7.7, 1 H, HC(11)), 7.13 (dt, J = 7.5, 1.5, 1 H, 
HC(12)), 3.65 (m, 1 H, HC(1)), 3.57 (m, 1 H, HC(6)), 3.12 (dt, J = 13.2, 5.3, 1 H, 
HC(6’)), 2.92 (m, 2 H, HC(1’), HC(2)), 2.41 (s, 3 H, HC(17)), 2.04-2.02 (m, 1 H, 
HC(3)), 2.01-1.97 (m, 1 H, HC(5)), 1.96-1.90 (m, 1 H, HC(4)), 1.69-1.64 (m, 3 H, 
HC(3’), HC(4’), HC(5’)) 
 13C NMR: (126 MHz, CDCl3) 
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  146.6 (C(7)), 143.1 (C(16)), 136.4 (C(13)), 130.2 (C(8)), 130.1 (C(11)), 129.7 
(C(10)), 129.6 (C(14)), 126.9 (C(15)), 126.0 (C(12)), 122.6 (C(9)), 54.1 (C(1)), 
48.2 (C(2)), 47.5 (C(6)), 35.0 (C(3)), 28.7 (C(5)), 25.3 (C(4)), 21.5 (C(17)) 
 IR: (neat) 
  2930 (w), 1594 (m), 1477 (m), 1336 (s), 1157 (s), 1092 (m), 1046 (m), 786 (m), 
694 (m), 678 (m) 
 HRMS:  (EI)  
Calcd for C19H22BrNO2S (M+): 407.0555 
Found: 407.0554 
 TLC: Rf 0.36 (hexane/EtOAc, 3/1) [silica gel, UV, I2, CAM] 
 Analysis: C19H22BrNO2S (408.35)  
  Calcd:   C, 55.88; H, 5.43;  N, 3.43;  Br, 19.57% 
  Found:  C, 55.90; H, 5.44; N, 3.48;  Br, 20.90% 
 
3-Hexyl-1-tosylazepane (108i) [MX-9-48, MX-9-49] 
NO2
H
O
107i 108i
1) H2, cat. Pd-C, THF-H2O (20/1)
2) Al-Hg,THF-H2O (5/1)
3) TsCl, Et3N, CH2Cl2
N
O2
S
Me 1 2 3
4
5
6
7
8
13
14
15
16
17
CH3
9
11 12
10
CH3
 
Following General Procedure III, enal 107i (231 mg, 1.02 mmol, 1.0 equiv) was first 
hydrogenated in the presence of Pd-C (10 wt%, 46 mg). The saturated aldehyde was then 
combined with aluminum amalgam (300 mg) to afford the crude azepane, which was then 
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combined with TsCl (292 mg,1.53 mol, 1.5 equiv) and Et3N (213 μL, 1.53 mmol, 1.5 equiv) to 
yield 249 mg (72%) of 108i as a heavy colorless oil after column chromatography.  
Data for 108i  
 1H NMR:  (500 MHz, CDCl3) 
  7.67 (d, J = 8.3, 2 H, HC(15)), 7.28 (d, J = 7.8, 2 H, HC(14)), 3.40 (dd, J = 13.7, 
4.4, 1 H, HC(1)), 3.31 (ddd, J = 13.2, 8.5, 4.9, 1 H, HC(6)), 3.14 (dt, J = 13.4, 5.5, 
1 H, HC(6’)), 2.72 (dd, J = 13.7, 9.6, 1 H, HC(1’)), 2.42 (s, 3 H, HC(17)), 1.86-
1.80 (m, 1 H, HC(5)), 1.78-1.69 (m, 2 H, HC(3), HC(4)), 1.69-1.60 (m, 1 H, 
HC(2)), 1.60-1.52 (m, 1 H, HC(5’)), 1.47-1.40 (m, 1 H, HC(3’)), 1.34-1.14 (m, 11 
H, HC(7), HC(8), HC(9), HC(10), HC(11), HC(4’)) 
 13C NMR: (126 MHz, CDCl3) 
  142.8 (C(16)), 136.5 (C(13)), 129.5 (C(14)), 127.0 (C(15)), 53.4 (C(1)), 48.7 
(C(6)), 40.0 (C(3)), 34.4 (C(7)), 33.3 (C(2)), 31.8 (C(10)), 29.5 (C(5)), 29.1 (C(9)), 
27.1 (C(4)), 24.8 (C(8)), 22.6 (C(11)), 21.5 (C(17)), 14.1 (C(12)) 
 IR: (neat) 
  3029 (w), 2926 (s), 2855 (s), 1915 (w), 1599 (m), 1495 (m), 1460 (m), 1376 (m), 
1340 (s), 1305 (m), 1288 (m), 1232 (w), 1159 (s), 1092 (m), 1044 (m), 1018 (m), 
927 (m), 876 (m), 815 (s), 773 (w), 755 (m), 724 (m) 
 TLC: Rf 0.48 (hexane/EtOAc, 3/1) [silica gel, UV, I2] 
 Analysis: C19H31NO2S (337.52)  
  Calcd:   C, 67.61; H, 9.26; N, 4.15% 
  Found:  C, 67.81; H, 9.48; N, 4.26% 
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4.5. Experimental Procedures for Chapter 3 
 
4-Nitrobutan-1-ol (155) [MX-15-26] 
 
To nitromethane (50 mL) and basic alumina (10 g) in a 250-mL, round-bottomed flask 
equipped with a magnetic stir bar was added acrolein dropwise (10.0 mL, 150 mmol, 1.0 equiv.). 
The flask was maintained at ambient temperature in cold water bath for 1.5 h. The basic alumina 
was then filtered off through a coarse, sinistered-glass funnel (5 cm × 10 cm). The basic alumina 
was washed with four portions of EtOH (4 × 25 mL). The filtrates were combined. 
Sodium borohydride (1.70 g, 45.0 mmol, 0.3 equiv.) was dissolved in EtOH (90mL) in a 
500-mL, round-bottomed flask equipped with a magnetic stir bar and was cooled to 0 ˚C in 
ice/H2O bath. To the cold solution of NaBH4 was added dropwise over 15 minutes the solution 
of the crude product from the first step via an addition funnel. Acetone (10 mL) was then added 
and the reaction mixture was warmed to ambient temperature. Glacial acetic acid (10.3 mL, 180 
mmol, 1.2 equiv.) was added. The resulting solution was concentrated down in vacuo (15 °C, ca. 
20 mmHg) until the volume was reduced to ca. 50 mL. The resulting slurry was triturated with 
MTBE (200 mL). The white precipitate was filtered off through a coarse, sinistered-glass funnel 
(5 cm × 10 cm). The filtrate was concentrated in vacuo (15 °C, ca. 20 mmHg) to dryness to give 
a brown oil. The product was purified by column chromatography (SiO2, 60 mm × 15 cm, 
hexane/EtOAc, 10/1, 6/1, 4/1, 2/1, 1/1) to give 9.02g (50.5%) of 155 as a heavy colorless oil, of 
which the spectra data matched with the authentic compound.120 
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Data for 155  
 1H NMR:  (500 MHz, CDCl3) 
  4.45 (t, J = 7.0, 2 H, HC(4)), 3.72 (t, J = 6.1, 2 H, HC(1)), 2.14 (m, 2 H, HC(3)), 
1.67 (m, 2 H, HC(2)) 
 13C NMR: (126 MHz, CDCl3) 
  75.41 (C(4)), 61.74 (C(1)), 29.01 (C(2)), 24.08 (C(3)) 
 TLC: Rf 0.25 (hexane/EtOAc, 3/1) [silica gel, I2, KMnO4] 
 
5-(tert-Butyldimethylsilyloxy)-2-nitropentan-1-ol (149) [MX-14-37, MX-14-38] 
 
To nitro alcohol 155 (16.7 g, 140 mmol, 1.0 equiv.) in anhydrous DMF (80 mL) in a 
250-mL, round-bottomed flask equipped with a magnetic stir bar and a N2 inlet was added 
TBSCl (23.2 g, 154 mmol, 1.1 equiv.), followed by imidazole (1.91g, 7.6 mmol, 0.1 equiv.) and 
Et3N (21.4 mL, 154 mmol, 1.1 equiv). The solution was allowed to stand at ambient temperature 
for 1 h and then diluted with water (100 mL). The aqueous layer was extracted with hexane (3 × 
150 mL). The organic layer was washed with brined (100 mL) and dried (Na2SO4). The resulting 
solution was filtered through a silica plug (50 mm × 2 cm) and the silica plug was further washed 
with a mixed solvent of hexane/EtOAc (50 mL/10 mL). The combined filtrate was concentrated 
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in vacuo and then dried under high vacuum to afford 26.6 g (81.3%) of the silyl ether 150 as a 
colorless heavy oil. This material was used in the next step without further purification. 
To nitroalkane 150 (26.6 g, 114 mmol, 1.0 equiv.) in i-PrOH (150 mL) in a 500-mL, 
round-bottomed flask equipped with a magnetic stir bar and a N2 inlet was added 
paraformaldehyde (4.10 g, 137 mmol, 1.2 equiv.). The solution was cooled in ice/H2O bath. n-
BuLi in hexane (1.6 M × 5.09 mL, 8.14 mmol, 0.2 equiv.) was added dropwise at a rate that the 
internal temperature never rose above 15 ˚C. The solution was warmed to ambient temperature 
and aged for 3.5 h. The solution was poured into saturated aqueous NH4Cl (300 mL). The 
aqueous layer was extracted with EtOAc (3 × 300 mL). The organic layer was washed with brine 
(100 mL), dried (Na2SO4) and concentrated in vacuo. The residue was purified by column 
chromatography (SiO2, 80 mm × 10 cm, hexane/EtOAc, 10/1 to 2/1) to give 18.5 g (61.7%) of 
149 as a heavy colorless oil. 
Data for 150  
 1H NMR:  (500 MHz, CDCl3) 
  4.43 (t, J = 7.1, 2 H, HC(4)), 3.66 (t, J = 5.9, 2 H, HC(1)), 2.10 (m, 2 H, HC(2)), 
1.60 (m, 2 H, HC(3)), 0.89 (s, 9 H, HC(7)), 0.05 (s, 6 H, HC(5)) 
 13C NMR: (126 MHz, CDCl3) 
  75.55 (C(4)), 61.95 (C(1)), 29.16 (C(2)), 25.87 (C(7)), 24.39 (C(3)), 18.25 (C(6)), 
-5.42 (C(5)) 
 IR: (neat) 
  2956 (s), 2930 (s), 2887 (m), 2858 (s), 1729 (w), 1556 (s), 1473 (m), 1461 (m), 
1437 (m), 1385 (m), 1362 (m), 1257 (m), 1190 (w), 1102 (s), 1006 (m), 977 (w), 
939 (w) , 888 (m), 837 (s), 777 (s), 718 (w), 662 (w) 
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 TLC: Rf 0.47 (hexane/EtOAc, 6/1) [silica gel, I2, KMnO4] 
 
Data for 149  
 1H NMR:  (500 MHz, CDCl3) 
  4.65 (m, 1 H, HC(2)), 4.04 (m, 1 H, HHC(1)), 3.93 (m, 1 H, HHC(1)), 3.64 (m, 2 
H, HC(5)), 2.26 (br, 1 H, OH), 2.02 (m, 1 H, HHC(3)), 1.91 (m, 1 H, HHC(3)), 
1.57 (m, 1 H, HC(4)), 0.88 (s, 9 H, HC(8)), 0.04 (s, 6 H, HC(6)) 
 13C NMR: (126 MHz, CDCl3) 
  88.97 (C(2)), 63.17 (C(1)), 61.86 (C(5)), 28.50 (C(4)), 26.56 (C(3)), 25.86 (C(8)), 
18.24 (C(7)), -5.43 (C(6)) 
 IR: (neat) 
  3406 (m, br), 2950 (s), 2930 (s), 2887 (m), 2858 (s), 1555 (s), 1472 (m), 1461 (m), 
1385 (m), 1362 (m), 1256 (m), 1101 (s), 1006 (m), 938 (w) , 836 (s), 777 (s), 713 
(w), 662 (w) 
 HRMS:  (ESI)  
Calcd for C11H26NO4Si (M+ + 1): 264.1631 
Found: 264.1626 
 TLC: Rf 0.47 (hexane/EtOAc, 6/1) [silica gel, I2, KMnO4] 
 
tert-Butyldimethyl(4-nitropent-4-enyloxy)silane (146) [MX-14-40] 
(CF3CO)2O, DMAP, Et3N
146
O
NO2
Si
Me
Me
Me Me
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To nitro alcohol 149 (16.9 g, 64.2 mmol, 1.0 equiv.) in anhydrous CH2Cl2 (200 mL) in a 
500-mL, round-bottomed flask equipped with a magnetic stir bar and a N2 inlet was added 4-
dimethylaminopyridine (780 mg, 6.4 mmol, 0.1 equiv.). The solution was cooled to 0 ˚C in 
ice/H2O bath. Trifluoroacetic anhydride (9.81 mL, 70.6 mmol, 1.1 equiv.) was added dropwise. 
Et3N (20.6 mL, 148 mmol, 2.3 equiv) was added dropwise. The solution was maintained at 0 ˚C 
for 10 minutes. The solution was poured into saturated aqueous NH4Cl (200 mL) and shaken. 
The organic layer was separated. The aqueous layer was extracted with CH2Cl2 (200 mL). The 
combined organic layer was washed with brine (50 mL), dried (Na2SO4) and concentrated in 
vacuo. The residue was purified by column chromatography (SiO2, 60 mm × 8 cm, 
hexane/EtOAc, 40/1, 20/1, 10/1, 8/1) to give 11.5 g (73.2%) of 146 as a heavy yellow oil. 
Data for 146 
 1H NMR:  (500 MHz, CDCl3) 
  6.43 (d, J = 1.7, 1 H, HHC(1)), 5.56 (s, 1 H, HHC(1)), 3.66 (t, J = 6.0, 2 H, 
HC(5)), 2.69 (dt, J = 7.5, 1.0, 2 H, HC(3)), 1.75 (m, 2 H, HC(4)), 0.89 (s, 9 H, 
HC(8)), 0.05 (s, 6 H, HC(6)) 
 13C NMR: (126 MHz, CDCl3) 
  157.95 (C(2)), 117.20 (C(1)), 61.53 (C(5)), 30.17 (C(3)), 26.80 (C(4)), 25.87 
(C(8)), 18.25 (C(7)), -5.40 (C(6)) 
 IR: (neat) 
  3430 (w, br), 2955 (s), 2930 (s), 2893 (m), 2858 (s), 1530 (s), 1472 (m), 1444 (m), 
1389 (m), 1344 (s), 1257 (s), 1158 (w), 1105 (s), 1006 (m), 971 (m), 939 (m) , 
837 (s), 814 (m), 777 (s), 718 (w), 663 (w) 
 TLC: Rf 0.51 (hexane/EtOAc, 6/1) [silica gel, UV, I2, KMnO4] 
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 Analysis: C11H23NO3Si (245.39)  
  Calcd:   C, 53.84; H, 9.45; N, 5.71% 
  Found:  C, 53.85; H, 9.69; N, 5.63% 
 
(S)-3-(3-(tert-Butyldimethylsilyloxy)propyl)-6-((1R,2S)-2-phenylcyclohexyloxy)-5,6-
dihydro-4H-1,2-oxazine N-oxide (161) [MX-15-23] 
 
Ti(i-PrO)4 (1.10 mL, 10.0 mmol) and TiCl4 (2.96 mL, 10.0 mL) were mixed in anhydrous 
CH2Cl2 (36.0 mL) in a 100-mL, round-bottomed flask equipped with a magnetic stir bar and a N2 
inlet and aged at ambient temperature for 0.5 h to form a solution (0.50 M) of TiCl2(i-PrO)2. 
Nitroalkene 146 (1.98 g, 8.07 mmol, 1.0 equiv.) and vinyl ether 138 (1.80 g, 8.88 mmol, 
1.1 equiv.) were dissolved in anhydrous CH2Cl2 (30 mL) in a 250-mL, 3-necked, round-bottomed 
flask equipped with a magnetic stir bar and a N2 inlet. With stirring, the solution was cooled in 
liquid N2/ hexane bath to –90 ˚C. To this cold solution was added the solution of TiCl2(i-PrO)2 
(0.50 M × 35.5 mL, 17.8 mmol, 2.2 equiv.) slowly at a rate that the internal temperature never 
rose above –85 ˚C. The solution was maintained at –90 ˚C for another 30 minutes during which 
the yellow color of the solution faded and became cloudy. NaOH in MeOH (1.0 M × 38.7 mL , 
38.7 mmol, 4.8 equiv.) was added slowly at a rate that the internal temperature never rose above 
–85 ˚C. The resulting cloudy solution was poured into a mixture of MTBE (300 mL) and H2O 
(20 mL) in a 500-mL Erlenmeyer flask equipped with a magnetic stir bar. The slurry was 
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warmed up and stirred at ambient temperature for 10 minutes. The organic layer was decanted 
out and filtered through a pad of Celite. The Celite was washed with MTBE (200 mL) and the 
wash was filtered. The filtrates were combined and concentrate down in vacuo. The residue was 
taken up in a mixed solvent (CH2Cl2/MTBE = 2/1, 40 mL) and dried (Na2SO4), then filtered 
through a silica plug (20 mm × 5 cm). MTBE (100 mL) was run through the same silica plug. 
The combined filtrate was concentrated in vacuo. The residue was purified by column 
chromatography (SiO2, 60 mm × 10 cm, hexane/MTBE, 4/1, 2/1, 1/1, 1/2) to give 3.01 g (83.4%) 
of 161 as a heavy, pale oil. The oil was dissolved in a mixed solvent (CH2Cl2/MTBE = 2/1, 20 
mL) and filtered through a short plug of basic alumina and the filtrate was concentrated in vacuo 
then under high vacuum (ca. 0.1 mmHg). The product turned into a white solid upon standing in 
the freezer. 
Data for 161 
 1H NMR:  (500 MHz, CDCl3) 
  7.29-7.18 (m, 5 H, HC(18), HC(19), HC(20)), 4.45 (t, J = 2.8, 1 H, HC(1)), 3.76 
(dt, J = 10.5, 4.4, 1 H, HC(8)), 3.63 (m, 2 H, HC(7)), 2.52-2.41 (m, 3 H, HHC(3), 
HHC(5), HC(9)), 2.33 (m, 1 H, HHC(5)), 2.21-2.11 (m, 2 H, HHC(3), HHC(13)), 
1.90-1.73 (m, 5 H, HC(6), HHC(10), HHC(11), HHC(12)), 1.65-1.48 (m, 2 H, 
HHC(2), HHC(10)), 1.47-1.35 (m, 3 H, HHC(2), HHC(12), HHC(13)), 1.34-1.23 
(m, 1 H, HHC(11)), 0.89 (s, 9 H, HC(16)), 0.05 (s, 3 H, HC(14)), 0.04 (s, 3 H, 
HC(14’)) 
 13C NMR: (126 MHz, CDCl3) 
  143.86 (C(17)), 128.19 (C(19)), 127.82 (C(18)), 126.44 (C(20)), 124.16 (C(4)), 
101.74 (C(1)),  82.58 (C(8)), 62.18 (C(7)), 51.37 (C(9)), 34.11 (C(13)), 32.51 
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(C(10)), 29.08 (C(5)), 27.26 (C(6)), 25.88 (C(16)), 25.66 (C(11)), 25.05 (C(12)), 
23.34 (C(2)), 21.71 (C(3)), 18.23 (C(15)), -5.36 (C(14)) 
 IR: (neat) 
  2929 (s), 2857 (m), 1620 (m), 1545 (w), 1493 (w), 1471 (w), 1463 (w), 1449 (w), 
1389 (w), 1362 (w), 1304 (w), 1254 (m), 1210 (w), 1106 (s), 1067 (w), 1053 (w), 
996 (m), 964 (m), 921 (m) , 836 (s), 776 (s), 755 (m), 701 (m), 532 (w) 
 HRMS:  (ESI)  
Calcd for C25H42NO4Si (M+ + 1): 448.2883 
Found: 448.2875 
 Rotation: α[ ]D24 –2.50 (c = 2.24, CHCl3) 
 TLC: Rf 0.36 (hexane/EtOAc, 1/1) [silica gel, UV, I2, KMnO4] 
 Analysis: C25H41NO4Si (447.68)  
  Calcd:   C, 67.07; H, 9.23; N, 3.13% 
  Found:  C, 67.14; H, 9.55; N, 3.28% 
 
1-((2S,3aS,6S)-3a-(3-(tert-Butyldimethylsilyloxy)propyl)-6-((1R,2S)-2-
phenylcyclohexyloxy)hexahydroisoxazolo[2,3-b][1,2]oxazin-2-yl)ethanone and 1-
((2R,3aS,6S)-3a-(3-(tert-Butyldimethylsilyloxy)propyl)-6-((1R,2S)-2-
phenylcyclohexyloxy)hexahydroisoxazolo[2,3-b][1,2]oxazin-2-yl)ethanone (162a, b) [MX-
15-24] 
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To nitronate 161 (1.03 g, 2.31 mmol, 1.0 equiv) in a 50-mL, round-bottomed flask was 
added methyl vinyl ketone (2.0 mL). The flask was agitated until the mixture became 
homogeneous. The flask was sealed with a rubber septum. The mixture was allowed to stand at 
ambient temperature for 9 h and then concentrated in vacuo. The residue was purified by column 
chromatography (SiO2, 12 mm × 6 cm, hexane/MTBE 20/1, 10/1, 8/1, 6/1, 2/1) to give 1.08 g 
(90.4%) of 162a, b as a heavy oil. The diastereomeric ratio of the product was ca. 2 /1. 
Data for 162a, b 
 1H NMR:  (500 MHz, CDCl3) 
  7.27-7.14 (m, 7.5 H), 4.88 (dd, J = 10.6, 4.5, 1 H), 4.52 (dd, J = 9.3, 2.4, 0.5 H), 
4.00 (t, J = 4.0, 1 H), 3.95 (t, J = 4.3, 0.5 H), 3.69 (dt, J = 10.3, 4.4, 1 H), 3.58 (m, 
1 H), 3.55-3.49 (m, 2.5 H), 2.55-2.51 (m, 1.5 H), 2.42-2.34 (m, 1.5 H), 2.32 (s, 
1.5 H), 2.27-2.22 (m, 1 H), 2.26 (s, 3 H), 2.11 (dd, J = 12.2, 4.4, 1 H), 2.04-1.96 
(m, 1.5 H), 2.05-1.90 (m, 0.5 H), 1.88-1.80 (m, br, 3 H), 1.75 (m, br, 1.5 H), 1.63-
1.50 (m, 3.5 H), 1.49-1.41 (m, 7 H), 1.90-1.17 (m, 6.5 H), 0.88 (s, 4.5 H), 0.87 (s, 
9 H), 0.03 (s, 3 H), 0.01 (s, 6 H) 
 13C NMR: (126 MHz, CDCl3) 
  206.87, 144.44, 128.03, 128.00, 127.97, 127.86, 126.18, 126.13, 100.62, 100.55, 
87.86, 87.57, 81.07, 80.93, 74.70, 73.73, 63.12, 63.03, 51.56, 51.33, 34.80, 34.72, 
34.48, 34.38, 34.18, 34.13, 32.92, 32.75, 27.24, 26.95, 26.75, 25.90, 25.32, 25.27, 
24.75, 24.00, 23.86, 18.27, -5.32, -5.47 
 IR: (neat) 
  2929 (s), 2857 (m), 1721 (m), 1461 (m), 1450 (m), 1359 (w), 1254 (m), 1191 (w), 
1105 (s), 1057 (m), 976 (w), 835 (s), 776 (m), 755 (m), 701 (m) 
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 HRMS:  (ESI)  
Calcd for C29H48NO5Si (M+ + 1): 518.3302 
Found: 518.3301  
 TLC: Rf 0.28 (hexane/EtOAc, 6/1) [silica gel, UV, KMnO4] 
 
 (2R,3S,7aR)-7a-(3-(tert-Butyldimethylsilyloxy)propyl)-3-methylhexahydro-1H-pyrrolizin-
2-ol (159a) and (2R,3R,7aR)-7a-(3-(tert-butyldimethylsilyloxy)propyl)-3-methylhexahydro-
1H-pyrrolizin-2-ol (159b) [MX-15-27] 
 
 
Nitronate 162a, b (1.08 g, 2.09 mmol, 1.0 equiv.) was redissolved in EtOH (9.0 mL) in a 
50-mL, round-bottomed flask equipped with a magnetic stir bar and cooled in ice-H2O bath. 
NaBH4 (24 mg, 0.63 mmol, 0.3 equiv.) in EtOH (2.0 mL) was added. The reaction mixture was 
maintained at 0˚C for 10 minutes. Acetone (2.0 mL) was added and the cold bath was removed. 
The reaction mixture was diluted with hexane (20 mL) and filtered through a short plug of silica 
(30 mm × 1 cm). MTBE (20 mL) was run through the silica plug. The combined filtrate was 
concentrated in vacuo to give 1.13 g of product as a heavy, colorless oil. 
 The residue thus obtained was dissolved in anhydrous CH2Cl2 (20 mL) in a 250-mL, 
round-bottomed flask. MsCl (180 μL, 2.3 mmol, 1.1 equiv.) was added, followed by Et3N (350 
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μL, 2.5 mmol, 1.2 equiv.). The reaction mixture was allowed to stand at ambient temperature for 
3 h and then diluted with a mixed solvent of hexane/EtOAc (1/1, 100 mL) and filtered through a 
short plug of silica (30 mm × 2 cm). The filtrate was concentrated in vacuo to give 1.35 g of 
material as a heavy oil. 
The residue thus obtained was dissolved in a mixed solvent of THF/H2O (10/1, 20 mL) in 
a 100-mL, round-bottomed flask equipped with a magnetic stir bar. Raney nickel (ca. 5 g) was 
sonicated in H2O for 20 minutes. H2O was decanted and fresh H2O was added. The sonication 
and washing was repeated twice more. The resulting highly dispersed Raney nickel was added to 
the solution above mentioned. The flask was placed in a stainless steel bomb and charged with 
hydrogen (400 psi). The reaction mixture was vigorously stirred under hydrogen at ambient 
temperature for 60 h. The reaction mixture was then diluted with CH2Cl2 (20 mL) and filtered 
through a pad of Celite. The nickel residue was washed with CH2Cl2 (2 × 20 mL) and the wash 
solution was filtered through Celite. The combined filtrate was concentrated in vacuo and 
purified by column chromatography (SiO2, 30 mm × 6 cm, CH2Cl2/MeOH, CH2Cl2/MeOH/Et3N, 
200/1/1, 200/10/1, 100/20/1, 50/50/1) to give 222 mg (34%) of 159a as an oil and 195 mg (30%) 
of 159b as an oil. 
Data for 159a 
 1H NMR:  (500 MHz, CD3CN) 
  3.71-3.54 (m, 3 H, HC(6), HC(10)), 2.92 (broad, 1 H, OH), 2.69 (m, 1 H, 
HHC(1)), 2.63 (m, 1 H, HHC(1)), 2.35 (m, 1 H, HC(7)), 2.07 (dd, J = 12.1, 6.7, 1 
H, HHC(5)), 1.83 (m, 1 H, HHC(2)), 1.67-1.51 (m, 3 H, HHC(2), H2C(8)), 1.47-
1.42 (m, 3 H, HHC(3), HHC(5), HHC(9)), 1.30-1.26 (m, 2 H, HHC(3), HHC(9)), 
1.02 (d, J = 6.0, 3 H, HC(11)), 0.88 (s, 9 H, HC(14)), 0.03 (s, 6 H, HC(12)) 
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 13C NMR: (126 MHz, CD3CN) 
  77.53 (C(6)), 70.70 (C(4)), 68.74 (C(7)), 64.40 (C(10)), 53.21 (C(1)), 45.74 (C(5)), 
39.85 (C(2)), 39.56 (C(3)), 29.68 (C(8)), 26.28 (C(14)), 25.19 (C(9)), 19.51 
(C(11)), 18.87 (C(13)), -5.07 (C(12)) 
 IR: (neat) 
  3392 (m, br), 2955 (s), 2929 (s), 2859 (s), 1652 (m), 1472 (m), 1462 (m), 1387 
(w), 1361 (w), 1255 (m), 1099 (s), 1055 (m), 1006 (w), 973 (w), 939 (w), 836 (s), 
813 (w), 775 (s), 712 (w), 662 (w) 
 HRMS:  (ESI)  
Calcd for C17H36NO2Si (M+ + 1): 314.2515 
Found: 314.2507 
 Rotation: α[ ]D24 10.6 (c = 0.96, CHCl3) 
 TLC: Rf 0.39 (CH2Cl2/MeOH/Et3N, 40/4/1) [silica gel, I2, KMnO4] 
 
Data for 159b 
 1H NMR:  (500 MHz, CD3CN) 
  4.07 (s, br, 1 H, HC(6)), 3.57 (t, J = 6.4, 2 H, HC(10)), 3.18 (m, 1 H, HHC(1)), 
2.98 (m, 1 H, HC(7)), 2.73 (m, 1 H, HHC(1)), 2.67 (br, 1 H, OH), 1.83-1.78 (m, 2 
H, HHC(3), HHC(5)), 1.77-1.69 (m, 2 H, HHC(2), HHC(3)), 1.68-1.60 (m, 2 H, 
HHC(2), HHC(5)), 1.47-1.42 (m, 2 H, HC(9), 1.34-1.29 (m, 2 H, HC(8), 1.16 (d, 
J = 7.0, 3 H, HC(11)), 0.87 (s, 9 H, HC(14)), 0.02 (s, 6 H, HC(12)) 
 13C NMR: (126 MHz, CD3CN) 
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  78.29 (C(6)), 72.85 (C(4)), 64.46 (C(10)), 61.22 (C(7)), 50.18 (C(1)), 47.43 (C(5)), 
39.52 (C(2)), 39.21 (C(3)), 29.49 (C(9)), 26.47 (C(8)), 26.27 (C(14)), 18.87 
(C(13)), 11.79 (C(11)), -5.11 (C(12)) 
 IR: (neat) 
  3118 (m, br), 2955 (s), 2931 (s), 2884 (s), 2858 (s), 2739 (w), 1740 (w), 1678 (w), 
1607 (w), 1554 (w), 1472 (m), 1462 (m), 1382 (w), 1360 (w), 1340 (w), 1298 (w), 
1255 (s), 1192 (w), 1101 (s), 1041 (m), 1007 (m), 992 (m), 940 (w), 836 (s), 816 
(w), 775 (s), 713 (w), 662 (w) 
 HRMS:  (ESI)  
Calcd for C17H36NO2Si (M+ + 1): 314.2515 
Found: 314.2511 
 Rotation: α[ ]D24 27.3 (c = 1.26, CHCl3) 
 TLC: Rf 0.19 (CH2Cl2/MeOH/Et3N, 40/8/1) [silica gel, I2, KMnO4] 
 
(2R,3S,7aR)-2-(benzyloxy)-7a-(3-(tert-Butyldimethylsilyloxy)propyl)-3-methylhexahydro-
1H-pyrrolizine-N-borane complex (164) [MX-15-33, MX-15-36] 
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To pyrrolizidine 159a (200 mg, 0.638 mmol, 1.0 equiv.) in anhydrous THF (5 mL) in a 
100-mL, round-bottomed flask was added borane-THF complex (1.0 M × 1.28 mL, 1.28 mmol, 
2.0 equiv.). The flask was sealed with a septum and allowed to stand at ambient temperature for 
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8 h. MeOH (10 mL) was added and the resulting solution was concentrated in vacuo and then 
dried under high vacuum (ca. 0.1 mmHg) for 5 hours to afford a colorless heavy oil. 
KH (30% wt/wt, 340 mg, washed with anhydrous hexane) was placed in a 10-mL, round-
bottomed flask equipped with a magnetic stir bar and a N2 inlet. The residue obtained in the last 
step was redissolved in anhydrous THF (3.0 mL) and added to mix with the KH in the flask. The 
reaction mixture was stirred under N2 at ambient temperature for 2 h. BnBr (91 μL, 0.766 mmol, 
1.2 equiv.) was added. The reaction mixture was stirred at ambient temperature for 30 minutes 
and then poured into saturated aqueous NH4Cl (20 mL) and extracted with CH2Cl2 (3 × 20 mL). 
The organic layer was washed with brine and dried (Na2SO4) and concentrated. The residue was 
purified by column chromatography (SiO2, 60 mm × 6 cm, hexane/EtOAc, 40/1, 20/1, 10/1, 5/1, 
1/1 ) to give 186 mg (70%) of 164 as a colorless, heavy oil. 
Data for 164 
 1H NMR:  (500 MHz, CDCl3) 
  7.34-7.28 (m, 5 H, HC(16), HC(15), HC(14)), 4.56 (d, J = 11.5, 1 H, HHC(12)), 
4.43 (d, J = 11.5, 1 H, HHC(12)), 3.94 (dt, J = 8.4, 3.2, 1 H, HC(6)), 3.63 (m, 2 H, 
HC(10)), 3.21-3.12 (m, 2 H, HHC(1), HC(7)),  3.05 (m, 1 H, HHC(1)), 2.24 (dd, J 
= 13.6, 8.6, 1 H, HHC(5)), 2.17-1.94 (m, 4 H, HHC(8), HHC(2), HC(3)), 1.94-
1.82 (m, 2 H, HHC(5), HHC(2)), 1.80-0.90 (br, 3 H, H3B), 1.62-1.51 (m, 2 H, 
HHC(8), HHC(9)), 1.46 (m, 1 H, HHC(9)), 1.68-1.60 (m, 2 H, HHC(2), HHC(5)), 
1.41 (d, J = 6.6, 3 H, HC(11), 0.90 (s, 9 H, HC(19)), 0.06 (s, 6 H, HC(17), 
HC(17’)) 
 13C NMR: (126 MHz, CDCl3) 
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  137.88 (C(13)), 128.47, 127.86 (C(16)), 127.69, 82.54 (C(6)), 80.17 (C(4)), 72.19 
(C(12)), 68.77 (C(7)), 63.23 (C(10)), 57.98 (C(1)), 39.40 (C(5)), 33.78 (C(3)), 
32.55 (C(8)), 29.39 (C(9)), 25.94 (C(19)), 20.24 (C(2)), 18.31 (C(18)), 14.55 
(C(11)), -5.29 (C(17)), -5.30 (C(17’)) 
 IR: (neat) 
  2954 (m), 2930 (m), 2893 (m), 2857 (m), 2389 (m), 2362 (m), 2284 (w), 1471 (m), 
1456 (m), 1388 (w), 1361 (w), 1319 (w), 1256 (m), 1202 (w), 1192 (w), 1173 (m), 
1098 (s), 836 (s), 776 (m), 736 (m), 698 (m) 
 HRMS:  (ESI)  
Calcd for C24H43BNO2Si (M+ - 1): 416.3156 
Found: 416.3169 
 Rotation: α[ ]D24 -24.8 (c = 0.94, CHCl3) 
 TLC: Rf 0.29 (hexane/EtOAc, 10/1) [silica gel, I2, CAM] 
 
(2S,3R)-3-Benzyloxy-2-methyl-1-azoniatricyclo[3.3.3.0]-undecane mesylate (166) [MX-15-
89] 
 
           The amine-borane complex 164 (110 mg, 0.263 mmol, 1.0 equiv.)  was dissolved in 
MeOH (5 mL) in a 50-mL, round-bottomed flask, to which aqueous HCl (2.0 M  × 5 mL) was 
added. The mixture was heated to 60˚C for 3 h then cooled to ambient temperature. Saturated 
aqueous K2CO3 was added until the pH of solution was higher than 9. The solution was extracted 
with CH2Cl2 (3 × 20 mL). The combined organic layer was dried over K2CO3 and concentrated 
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to give 78 mg of residue. The residue thus obtained was dissolved in anhydrous CH2Cl2 (10 mL) 
in a 50-mL, round-bottomed flask equipped with a magnetic stir bar, to which MsCl (22.4 μL, 
0.29 mmol, 1.0 equiv) was added, followed by Ag2O (200 mg). The flask was sealed with a 
septum. The reaction mixture was stirred in dark at ambient temperature for 0.5 h and then 
filtered through a pad of Celite. Another 20 mL of CH2Cl2 was run through the Celite pad. The 
filtrate was concentrated in vacuo and purified by column chromatography (SiO2, 7 mm × 7 cm, 
CH2Cl2/Et2O/MeOH, 1/0/0, 0/1/0, 20/0/1, 10/0/1, 8/0/1, 4/0/1, 2/0/1, 1/0/1) to give 73.4 mg 
(75.8%) of 166 as a colorless, heavy oil. 
Data for 166 
 1H NMR:  (500 MHz, CD3OD) 
  7.37-7.26 (m, 5 H, HC(11), HC(12), HC(13)), 4.65 (d, J = 11.5, 1 H, HHC(9)), 
4.59 (d, J = 11.5, 1 H, HHC(9)), 3.99 (dt, J = 17.8, 10.3, 1 H, HC(2)), 3.76 (m, 1 
H, HHC(7’)), 3.40 (m, 1 H, HHC(7)), 3.39-3.29 (m, 2 H, HC(1), HHC(7’)), 3.10 
(m, 1 H, HHC(7)), 2.69 (s, 3 H, HC(14)), 2.62 (dd, J = 12.7, 5.9, 1 H, HHC(3)), 
2.24-2.22 (m, 2 H), 2.20-2.10 (m, 2 H), 2.09-2.05 (m, 2 H), 1.94 (m, 1 H), 1.85 
(m, 1 H), 1.73 (dd, J = 12.5, 10.2, HHC(3)), 1.50 (d, J = 5.6, 3 H, HC(8)) 
 13C NMR: (126 MHz, CD3OD) 
  139.07 (C(10)), 129.52, 129.07 (C(13)), 128.99, 92.68 (C(4)),  78.94 (C(2)), 73.73 
(C(9)), 71.76 (C(1)), 63.98 (C(7)), 59.54 (C(7’), 42.51 (C(3)), 39.48 (C(14)), 
39.16 (C(5) or C(5’)), 38.92 (C(5) or C(5’)), 24.08  (C(6) or C(6’)),  23.47 (C(6) 
or C(6’)), 11.75 (C(8)) 
 IR: (neat) 
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  3419 (s, br), 2936 (m), 2880 (m), 2857 (m), 2114 (w), 1644 (m), 1498 (w), 1456 
(m), 1395 (w), 1373 (w), 1347 (w), 1310 (w), 1291 (w), 1254 (w), 1195 (s), 1123 
(m), 1089 (m), 1044 (s), 1002 (m), 977 (m), 919 (w), 776 (m),  752 (m), 554 (m), 
535 (m) 
 HRMS:  (ESI)  
Calcd for C18H26NO (cation portion): 272.2014 
Found: 272.2005 
 Rotation: α[ ]D24 -12.8 (c = 0.745, MeOH) 
 TLC: Rf 0.17 (CH2Cl2/MeOH, 5/1) [silica gel, I2, KMnO4] 
 
(2R,3R,7aR)-2-(benzyloxy)-7a-(3-(tert-Butyldimethylsilyloxy)propyl)-3-methylhexahydro-
1H-pyrrolizine-N-borane complex (167) [MX-15-34, MX-15-37] 
 
To pyrrolizidine 159a (183 mg, 0.584 mmol, 1.0 equiv.) in anhydrous THF (5 mL) in a 
100-mL, round-bottomed flask was added borane-THF complex (1.0 M × 1.17 mL, 1.17 mmol, 
2.0 equiv.). The flask was sealed with a septum and allowed to stand at ambient temperature for 
8 h. MeOH (10 mL) was added and the resulting solution was concentrated in vacuo and then 
dried under high vacuum (ca. 0.1 mmHg) for 5 hours to afford a colorless heavy oil. 
KH (30% wt/wt, 340 mg, washed with anhydrous hexane) was placed in a 10-mL, round-
bottomed flask equipped with a magnetic stir bar and a N2 inlet. The residue obtained in the last 
step was redissolved in anhydrous THF (3.0 mL) and added to mix with the KH in the flask. The 
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reaction mixture was stirred under N2 at ambient temperature for 2 h. BnBr (83 μL, 0.700 mmol, 
1.2 equiv.) was added. The reaction mixture was stirred at ambient temperature for 30 minutes 
and then poured into saturated aqueous NH4Cl (20 mL) and extracted with CH2Cl2 (3 × 20 mL). 
The organic layer was washed with brine and dried (Na2SO4) and concentrated. The residue was 
purified by column chromatography (SiO2, 60 mm × 6 cm, hexane/EtOAc, 20/1, 10/1, 5/1, 1/1 ) 
to give 158 mg (65%) of 167 as a colorless, heavy oil. 
Data for 167 
 1H NMR:  (500 MHz, CDCl3) 
  7.37-7.28 (m, 5 H, HC(16), HC(15), HC(14)), 4.54 (d, J = 12.0, 1 H, HHC(12)), 
4.39 (d, J = 12.0, 1 H, HHC(12)), 3.94 (m, 1 H, HC(6)), 3.65 (m, 1 H, HHC(10)), 
3.58 (m, 1 H, HHC(10)), 3.49-3.42 (m, 2 H, HHC(1), HC(7)), 3.10 (m, 1 H, 
HHC(1)), 2.40 (dd, J = 14.4, 7.8, 1 H, HHC(5)), 2.14-2.08 (m, 2 H, HHC(3), 
HHC(8)), 2.04 (m, 1 H, HHC(2)), 1.92-1.83 (m, 2 H, HHC(2), HHC(3)), 1.80-
0.90 (br, 3 H, H3B), 1.78 (dd, J = 14.4, 2.9, 1 H, HHC(5)), 1.56-1.47 (m, 6 H, 
HHC(8), HC(9), HC(11)), 0.89 (s, 9 H, HC(19)), 0.05 (d, 6 H, HC(17), HC(17’)) 
 13C NMR: (126 MHz, CDCl3) 
  137.96 (C(13)), 128.43, 127.71 (C(16)), 127.25, 79.76 (C(6)), 79.23 (C(4)), 71.72 
(C(12)), 68.41 (C(7)), 63.27 (C(10)), 56.97 (C(1)), 41.00 (C(5)), 34.40 (C(3)), 
32.08 (C(8)), 29.57 (C(9)), 25.94 (C(19)), 20.28 (C(2)), 18.31 (C(18)), 10.60 
(C(11)), -5.29 (C(17) and C(17’)) 
 IR: (neat) 
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  2953 (m), 2930 (m), 2893 (m), 2857 (m), 2383 (m), 2335 (m), 2283 (m), 1497 (w), 
1472 (m), 1455 (m), 1387 (w), 1360 (m), 1331 (w), 1256 (m), 1173 (m), 1099 (s), 
1066 (m), 1028 (m), 1006 (m), 836 (s), 776 (m), 735 (m), 697 (m) 
 HRMS:  (ESI)  
Calcd for C24H43BNO2Si (M+ - 1): 416.3156 
Found: 416.3146 
 Rotation: α[ ]D24 -15.2 (c = 0.79, CHCl3) 
 TLC: Rf 0.46 (hexane/EtOAc, 6/1) [silica gel, I2, CAM] 
 
(2R,3R)-3-Benzyloxy-2-methyl-1-azoniatricyclo[3.3.3.01,5]-undecane mesylate (168) [MX-16-
23] 
 
The amine-borane complex 167 (110 mg, 0.263 mmol, 1.0 equiv.) was dissolved in 
MeOH (2 mL) in a 50-mL, round-bottomed flask, to which aqueous HCl (2.0 M  × 2 mL) was 
added. The mixture was heated to 60˚C for 3 h then cooled to ambient temperature. Saturated 
aqueous K2CO3 was added until the pH of solution was higher than 9. The solution was extracted 
with CH2Cl2 (3 × 20 mL). The combined organic layer was dried over K2CO3 and concentrated. 
The residue thus obtained was dissolved in anhydrous CH2Cl2 (5 mL) in a 50-mL, round-
bottomed flask equipped with a magnetic stir bar, to which MsCl (7.0 μL, 0.090 mmol, 1.5 equiv) 
was added, followed by Ag2O (200 mg). The flask was sealed with a septum. The reaction 
mixture was stirred in dark at ambient temperature for 1 h and then filtered through a pad of 
Celite. Another 20 mL of CH2Cl2 was run through the Celite pad. The filtrate was concentrated 
  
 
165
in vacuo and purified by column chromatography (SiO2, 7 mm × 7 cm, CH2Cl2/Et2O/MeOH, 
1/0/0, 0/1/0, 20/0/1, 15/0/1, 10/0/1, 5/0/1) to give 10.6 mg (89.1%) of 168 as a colorless, heavy 
oil. 
Data for 168 
 1H NMR:  (500 MHz, CD3OD) 
  7.37-7.28 (m, 5 H, HC(11), HC(12), HC(13)), 4.69 (d, J = 11.8, 1 H, HHC(9)), 
4.45 (d, J = 11.6, 1 H, HHC(9)), 4.17 (t, J = 4.1, 1 H, HC(2)), 3.84 (m, 1 H, 
HHC(1)), 3.63-3.55 (m, 3 H, HC(7), HHC(7’)), 3.37 (m, 1 H, HHC(7’)), 2.69 (s, 
3 H, HC(14)), 2.41 (d, 1 H, J = 14.4, HHC(3)), 2.23 (m, 1 H), 2.20-2.05 (m, 3 H), 
1.99-1.78 (m, 3 H), 1.65-1.59 (m, 2 H), 1.45 (d, J = 6.9, 3 H, HC(8)) 
 13C NMR: (126 MHz, CD3OD) 
  138.91 (C(10)), 129.60, 129.05 (C(13)), 128.97, 82.51 (C(4)),  82.38 (C(2)), 72.64 
(C(9)), 63.24 (C(1)), 62.34 (C(7)), 51.64 (C(7’), 41.28 (C(3)), 39.50 (C(14)), 
37.79 (C(5) or C(5’)), 36.80 (C(5) or C(5’)), 28.67  (C(6) or C(6’)),  25.95 (C(6) 
or C(6’)), 10.23 (C(8)) 
 IR: (neat) 
  3418 (s, br), 2942 (m), 2875 (m), 2752 (w), 2675 (w), 1651 (m), 1497 (w), 1455 
(m), 1418 (w), 1389 (w), 1351 (m), 1319 (w), 1192 (s), 1074 (m), 1062 (m), 1043 
(m), 973 (w), 908 (w), 775 (m), 741 (m), 699 (m), 554 (m), 535 (m) 
 HRMS:  (ESI)  
Calcd for C18H28NO2 (cation portion + H2O): 290.2120 
Found: 290.2115 
 Rotation: α[ ]D24 -11.6 (c = 0.70, MeOH) 
 TLC: Rf 0.26 (CH2Cl2/MeOH, 5/1) [silica gel, I2, KMnO4] 
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1-((2S,3aS,6S)-3a-(3-(tert-Butyldimethylsilyloxy)propyl)-6-((1R,2S)-2-
phenylcyclohexyloxy)hexahydroisoxazolo[2,3-b][1,2]oxazin-2-yl)2-phenylethanone and 1-
((2R,3aS,6S)-3a-(3-(tert-Butyldimethylsilyloxy)propyl)-6-((1R,2S)-2-
phenylcyclohexyloxy)hexahydroisoxazolo[2,3-b][1,2]oxazin-2-yl)2-phenylethanone (175a, b) 
[MX-16-5] 
 
Nitronate 161 (1.12 g, 2.50 mmol, 1.0 equiv.) was combined with 174 (438 mg, 3.0 mmol, 
1.2 equiv.) and dissolved in DCM (5.0 mL) in a 30-mL round-bottom flask. Crystals of 2,6-di-
tert-butyl-4-methylphenol was added and dissolved. The flask was sealed with a septum. The 
reaction mixture was allowed to stand at ambient temperature for 16 hours and concentrated 
down in vacuo. The residue was purified by column chromatography (SiO2, 60 mm × 8 cm, 
hexane/acetone 20/1, 15/1, 10/1) to give 1.21 g (81.8%) of 175a, b as a heavy oil. The 
diastereomeric ratio was ca. 1.3/1. 
Data for 175a, b 
 1H NMR:  (500 MHz, CDCl3) 
  7.35-7.16 (m, 18 H), 4.99 (dd, J = 10.4, 2.7, 1 H), 4.63 (dd, J = 9.3, 5.9, 1 H), 4.15 
(d, J = 16.1, 1 H), 4.02 (t, J = 4.2, 1 H), 3.97 (d, J = 16.2, 1 H), 3.93 (t, J = 4.3, 1 
H), 3.91-3.90 (m, 2 H), 3.70-3.45 (m, 6 H), 2.54 (m, 2 H), 2.43 (m, 2 H), 2.22 (t, J 
=10.1, 1 H), 2.15 (dd, J = 12.3, 4.5, 1 H), 2.00-1.86 (m, 7 H), 1.78-1.75 (m, 2 H), 
1.64-1.13 (m, br, 24 H), 0.87 (s, 7 H), 0.87 (s, 9 H), 0.03 (s, 5 H), 0.02 (s, 6 H) 
 13C NMR: (126 MHz, CDCl3) 
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  208.25, 205.64, 144.49, 134.40, 133.29, 129.83, 129.75, 128.56, 128.46, 128.04, 
128.00, 127.88, 127.00, 126.75, 126.20, 126.18, 100.70, 100.57, 86.92, 86.81, 
81.12, 81.04, 74.85, 73.92, 63.14, 51.58, 51.42, 45.99, 45.58, 35.09, 34.67, 34.62, 
34.50, 34.24, 34.21, 34.16, 32.96, 32.81, 31.58, 27.00, 26.86, 25.95, 25.39, 25.33, 
25.17, 25.06, 23.96, 22.64, 18.30, 14.10, -5.31 
 IR: (neat) 
  2929 (s), 2856 (m), 1721 (m), 1603 (w), 1461 (m), 1495 (m), 1464 (m), 1451 (m), 
1405 (w), 1388 (w), 1362 (w), 1254 (m), 1103 (s), 1057 (m), 972 (w), 836 (s), 
776 (m), 757 (m), 700 (m) 
 HRMS:  (ESI)  
Calcd for C35H52NO5Si (M+ + 1): 594.3615 
Found: 594.3603 
 TLC: Rf 0.36 (hexane/EtOAc, 6/1) [silica gel, UV, KMnO4] 
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(2R,3S,7aR)-3-Benzyl-7a-(3-(tert-butyldimethylsilyloxy)propyl)hexahydro-1H-pyrrolizin-2-
ol-N-borane complex (177a) and (2R,3R,7aR)-3-benzyl-7a-(3-(tert-
butyldimethylsilyloxy)propyl)hexahydro-1H-pyrrolizin-2-ol-N-borane complex (177b) 
[MX-15-19, MX-15-29] 
 
 
Ketone 175a, b (432 mg, 0.727 mmol, 1.0 equiv.) was dissolved in anhydrous EtOH (2.0 
mL) in a 10-mL, 2-neck, round-bottom flask. A solution of NaBH4 in EtOH (0.5 M  × 580 μL, 
0.29 mmol, 0.4 equiv.) was added. The reaction mixture was stirred and warmed to ambient 
temperature over 10 minutes. Acetone (2.0 mL) was added, followed by hexane (4.0 mL). The 
resulting solution was filtered through a silica plug (10 mm × 2 cm). A mixed solvent of 
hexane/EtOAc (1/1, 70 mL) was run through the silica plug. The combined filtrate was 
concentrated in vacuo and then dried under high vacuum (ca. 0.1 mmHg) for 1 hour to afford 
409 mg of residue. 
The residue thus obtained was then dissolved in anhydrous DCM 3.6 mL in a 100-mL, 
round-bottom flask. To this solution was added MsCl (93 μL, 1.2 mmol, 1.2 equiv.) and Et3N 
(210 μL, 1.5 mmol, 1.5 equiv.) and agitated. The resulting solution was allowed to stand at 
ambient temperature under N2 for 1 hour. A mixed solvent of hexane/EtOAc (1/1, 40 mL) was 
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added. The resulting solution was filtered through a silica plug (10 mm × 3 cm). A mixed solvent 
of hexane/EtOAc (1/1, 60 mL) was run through the silica plug. The combined filtrate was 
concentrated in vacuo and then dried under high vacuum (ca. 0.1 mmHg) for 1 hour to afford 
439 mg of residue as a heavy oil. 
The residue thus obtained was dissolved in a mixed solvent of THF/H2O (10/1, 20 mL) in 
a 100-mL, round-bottomed flask equipped with a magnetic stir bar. Raney nickel (ca. 3 g) was 
sonicated in H2O for 20 minutes. H2O was decanted and fresh H2O was added. The sonication 
and washing was repeated twice more. The resulting highly dispersed Raney nickel was added to 
the solution above mentioned. The flask was placed in a stainless steel bomb and charged with 
hydrogen (400 psi). The reaction mixture was vigorously stirred under hydrogen at ambient 
temperature for 85 h. The reaction mixture was then diluted with CH2Cl2 (28 mL) and filtered 
through a pad of Celite. The nickel residue was washed with CH2Cl2 (2 × 20 mL) and the wash 
solution was filtered through Celite. The combined filtrate was concentrated in vacuo and 304 g 
of product was obtained, which was then purified by column chromatography (SiO2, 30 mm × 6 
cm, CH2Cl2/MeOH/Et3N, 200/1/1, 200/5/1, 100/10/1, 100/50/1). All the fractions of which the Rf 
values were lower than 0.3 (CH2Cl2/MeOH/Et3N, 40/2/1) were collected and concentrated to 
afford 148 mg of product as a heavy oil.  
The residue thus obtained was dissolved in anhydrous THF (10 mL) and transferred into 
a 100-mL, round-bottomed flask. Borane-THF complex (1.0 M  × 760 μL) was added. The flask 
was sealed with a septum and allowed to stand at ambient temperature for 8 h. MeOH (30 mL) 
was added and the resulting solution was concentrated in vacuo to give 163 mg of material, 
which was purified by column chromatography (SiO2, 30 mm × 9 cm, hexane/EtOAc, 10/1, 8/1, 
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6/1, 4/1, 3/1, 2/1, 1/1) to give 34 mg (22%) of 177b as a white solid and 33 mg of 177a (22%) as 
a colorless, heavy oil. 
Data for 177a 
1H NMR: (500 MHz, CDCl3) 
  7.36-7.22 (m, 5 H, HC(13), HC(14), HC(15)), 4.39 (m, 1 H, HC(6)), 3.63 (m, 2 H, 
HC(10)), 3.32 (dd, J = 12.8, 4.0, 1 H, HHC(11)), 3.29-3.15 (m, 3 H, HHC(1), 
HC(7), HHC(11)), 3.10 (m, 1 H, HHC(1)), 2.37 (dd, J = 13.8, 9.4, 1 H, HHC(5)), 
2.19-2.04 (m, 4 H, HHC(2), HC(3), HHC(8)), 2.00-1.00 (br, 3 H, H3B), 1.95 (m, 1 
H, HHC(2)), 1.78 (dd, J = 13.8, 2.8, 1 H, HHC(5)), 1.59-1.51 (m, 2 H, HHC(8), 
HHC(9)), 1.45 (m, 1 H, HHC(9)), 0.92 (d, J = 2.7, OH), 0.90 (s, 9 H, HC(18)), 
0.06 (s, 6 H, HC(16), HC(16’)) 
 13C NMR: (126 MHz, CDCl3) 
  138.17 (C(12)), 129.18, 129.09, 126.97 (C(15)), 80.25 (C(4)), 76.22 (C(7)), 74.63 
(C(6)), 63.16 (C(10)), 58.27 (C(1)), 41.58 (C(5)), 36.01 (C(11)), 33.12 (C(3)), 
32.23 (C(8)), 29.26 (C(9)), 25.92 (C(18)), 20.16 (C(2)), 18.29 (C(17)), -5.29 
(C(16)), -5.32 (C(16’)) 
 IR: (neat) 
  3469 (m, br), 2954 (s), 2930 (s), 2894 (m), 2857 (s), 2363 (s), 2286 (m), 1604 (w), 
1496 (m), 1472 (m), 1455 (m), 1389 (m), 1361 (m), 1256 (s), 1173 (s), 1095 (s), 
1005 (m), 976 (m), 950 (m), 837 (s), 777 (s), 748 (m), 701 (m), 664 (m) 
 HRMS:  (ESI)  
Calcd for C23H41BNO2Si (M+ - 1): 402.3000 
Found: 402.3006 
 Rotation: α[ ]D24 7.37 (c = 1.85, CHCl3) 
  
 
171
 TLC: Rf 0.30 (hexane/EtOAc, 3/1) [silica gel, I2, CAM] 
 
Data for 177b 
 mp: 98.5-99.5 °C (hexane/EtOAc) 
 1H NMR: (500 MHz, CDCl3) 
  7.32-7.27 (m, 4 H), 7.24 (m, 1 H), 4.15 (m, 1 H, HC(6)), 3.71 (dd, J = 13.2, 2.7, 1 
H, HHC(11)), 3.67-3.57 (m, 3 H, HHC(1), HC(10)), 3.54 (m, 1 H, HC(7)), 3.24 
(m, 1 H, HHC(1)), 3.04 (t, J = 12.5, 1 H, HHC(11)), 2.42 (dd, J = 14.6, 8.1, 1 H, 
HHC(5)), 2.19-2.08 (m, 3 H, HHC(2), HHC(3), HHC(8)), 2.00-1.00 (br, 3 H, 
H3B), 1.97-1.94 (m, 2 H, HHC(2), HHC(3)), 1.70 (dd, J = 14.6, 3.3, 1 H, HHC(5)), 
1.66 (br, 1 H, OH), 1.56-1.43 (m, 3 H, HHC(8), HC(9)), 0.88 (s, 9 H, HC(18)), 
0.05 (s, 6 H, HC(16), HC(16’)) 
 13C NMR: (126 MHz, CDCl3) 
  138.51 (C(12)), 128.92, 129.90, 126.64 (C(15)), 80.21 (C(4)), 74.30 (C(7)), 70.62 
(C(6)), 63.28 (C(10)), 57.65 (C(1)), 43.23 (C(5)), 34.30 (C(3)), 32.12 (C(8)), 
30.78 (C(11)), 29.57 (C(9)), 25.94 (C(18)), 20.66 (C(2)), 18.33 (C(17)), -5.25 
(C(16)), -5.31 (C(16’)) 
 IR: (neat) 
  3504 (s), 2953 (s), 2858 (s), 2412 (m), 2340 (m), 2281 (m), 1604 (w), 1495 (m), 
1456 (m), 1390 (m), 1360 (m), 1338 (m), 1251 (m), 1168 (s), 1101 (s), 1055 (m), 
1008 (m), 956 (m), 938 (m), 837 (s), 775 (m), 725 (m), 700 (m), 668 (m), 617 (m) 
 HRMS:  (ESI)  
Calcd for C23H41BNO2Si (M+ - 1): 402.3000 
Found: 402.3008 
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 Rotation: α[ ]D24 -10.7 (c = 0.70, CHCl3) 
 TLC: Rf 0.40 (hexane/EtOAc, 3/1) [silica gel, I2, CAM] 
 
(2S,3R)-2-Benzyl-3-benzyloxy-1-azoniatricyclo[3.3.3.0]-undecane mesylate (178) [MX-16-12, 
MX-16-13] 
N
TBSO
HO
Bn
177a
BH3
1) BnBr, KH
2) HCl
3) MsCl, Ag2O
178
N
O OSO2Me
1
2
3 4 5
67
7'
5'
6'
8
14
1516
17
13
18
9
1011
12
 
KH (15 mg, 95% wt/wt, washed with anhydrous hexane and titrated) was placed in a 10-
mL, round-bottomed, 2-neck flask equipped with a magnetic stir bar and a N2 inlet. Alcohol 
177a (52.0 mg, 0.13 mmol, 1.0 equiv.) was dissolved in anhydrous THF (2.0 mL) and added to 
mix with the KH in the flask. The reaction mixture was stirred under N2 at ambient temperature 
for 2 hours. BnBr (23 μL, 0.194 mmol, 1.2 equiv.) was added. The reaction mixture was stirred 
at ambient temperature for 30 minutes and then poured into saturated aqueous NH4Cl (20 mL) 
and extracted with MTBE (3 × 20 mL). The organic layer was washed with brine and dried 
(Na2SO4) and concentrated. The residue was dissolved in a mixed solvent of hexane/EtOAc (1/1) 
and run through a silica plug (40 mm × 4 cm). The filtrate was concentrated in vacuo to afford 56 
mg of residue.  
The residue thus obtained was dissolved in MeOH (2 mL) in a 25-mL, round-bottomed 
flask, to which aqueous HCl (2.0 M  × 2 mL) was added. The mixture was heated to 60˚C for 3 h 
then cooled to ambient temperature. Saturated aqueous K2CO3 was added until the pH of 
solution was higher than 9. The solution was extracted with CH2Cl2 (3 × 20 mL). The combined 
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organic layer was dried over K2CO3 and concentrated. The residue thus obtained was dissolved 
in anhydrous CH2Cl2 (10 mL) in a 50-mL, round-bottomed flask equipped with a magnetic stir 
bar, to which MsCl (10.5 μL, 0.136 mmol, 1.2 equiv) was added, followed by Ag2O (400 mg). 
The flask was sealed with a septum. The reaction mixture was stirred in dark at ambient 
temperature for 0.5 h and then filtered through a pad of Celite. Another 20 mL of CH2Cl2 was 
run through the Celite pad. The filtrate was concentrated in vacuo and purified by column 
chromatography (SiO2, 7 mm × 7 cm, CH2Cl2/MeOH, 30/1, 20/1, 15/1, 10/1, 5/1) to give 26.9 
mg (47.0%) of 178 as a colorless, heavy oil. 
Data for 178 
 1H NMR:  (500 MHz, CD3OD) 
  7.41-7.24 (m, 10 H, HC(10), HC(11), HC(12), HC(15), HC(16), HC(17)), 4.58 (d, 
J = 11.5, 1 H, HHC(13)), 4.55 (d, J = 11.5, 1 H, HHC(13)), 4.14 (dt, J = 10.0, 6.1, 
1 H, HC(2)), 3.64-3.58 (m, 2 H), 3.48 (dd, J = 11.5, 5.7, 1 H), 3.23 (dd, J = 15.0, 
8.9, 1 H, HHC(8)), 3.14 (dd, J = 12.3, 6.0, 1 H), 2.90 (m, 1 H), 2.68 (s, 3 H, 
HC(18)), 2.66 (dd, J = 12.5, 5.8, 1 H, HHC(3)), 2.20-2.00 (m, 6 H), 1.91-1.84 (m, 
2 H), 1.79 (dd, J = 12.7, 10.0, HHC(3)) 
 13C NMR: (126 MHz, CD3OD) 
  138.83 (C(14)), 136.97 (C(9)), 130.42, 130.25, 129.46, 129.04, 128.52, 92.49 
(C(4)), 78.67 (C(2)), 77.22 (C(1)), 73.63 (C(13)), 65.28 (C(7) or C(7’)), 60.35 
(C(7) or C(7’)), 42.05 (C(3)), 39.50 (C(18)), 38.78 (C(5) or C(5’)), 38.50 (C(5) or 
C(5’)), 34.20 (C(8)), 23.96  (C(6) or C(6’)),  23.80 (C(6) or C(6’)) 
 IR: (neat) 
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  3418 (s, br), 3063 (w), 3031 (w), 2936 (w), 2879 (w), 2108 (w, br), 1640 (m, br), 
1497 (m), 1456 (m), 1372 (w), 1343 (w), 1312 (w), 1292 (w), 1255 (m), 1197 (s), 
1123 (m), 1076 (m), 1062 (m), 1044 (m), 981 (m), 927 (w), 775 (m), 748 (m), 700 
(m), 554 (m), 544 (m), 534 (m) 
 HRMS:  (ESI)  
Calcd for C24H30NO (cation portion): 348.2327 
Found: 348.2329 
 Rotation: α[ ]D24 -24.8 (c = 0.855, MeOH) 
 TLC: Rf 0.40 (CH2Cl2/MeOH, 5/1) [silica gel, I2, KMnO4] 
  
(2R,3R)-2-Benzyl-3-benzyloxy-1-azoniatricyclo[3.3.3.0]-undecane mesylate (179) [MX-16-20, 
MX-16-22] 
N
TBSO
HO
Bn
177b
BH3
1) BnBr, KH
2) HCl
3) MsCl, Ag2O
179
N
O OSO2Me
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3 4 5
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KH (25 mg, 95% wt/wt, washed with anhydrous hexane and titrated) was placed in a 10-
mL, round-bottomed, 2-neck flask equipped with a magnetic stir bar and a N2 inlet. Alcohol 
177b (25.1 mg, 0.0622 mmol, 1.0 equiv.) was dissolved in anhydrous THF (1.5 mL) and added 
to mix with the KH in the flask. The reaction mixture was stirred under N2 at ambient 
temperature for 2 hours. BnBr (15 μL, 0.12 mmol, 1.2 equiv.) was added. The reaction mixture 
was stirred at ambient temperature for 30 minutes and then poured into saturated aqueous NH4Cl 
(10 mL) and extracted with MTBE (3 × 20 mL). The organic layer was washed with brine and 
dried (Na2SO4) and concentrated. The residue was dissolved in a mixed solvent of hexane/EtOAc 
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(1/1, 50 mL) and run through a silica plug (40 mm × 4 cm). The filtrate was concentrated in 
vacuo to afford 43 mg of residue.  
The residue thus obtained was dissolved in MeOH (2 mL) in a 25-mL, round-bottomed 
flask, to which aqueous HCl (2.0 M  × 2 mL) was added. The mixture was heated to 60˚C for 3 h 
then cooled to ambient temperature. Saturated aqueous K2CO3 was added until the pH of 
solution was higher than 9. The solution was extracted with CH2Cl2 (3 × 20 mL). The combined 
organic layer was dried over K2CO3 and concentrated. The residue thus obtained was dissolved 
in anhydrous CH2Cl2 (10 mL) in a 50-mL, round-bottomed flask equipped with a magnetic stir 
bar, to which MsCl (10.5 μL, 0.136 mmol, 1.2 equiv) was added, followed by Ag2O (400 mg). 
The flask was sealed with a septum. The reaction mixture was stirred in dark at ambient 
temperature for 0.5 h and then filtered through a pad of Celite. Another 20 mL of CH2Cl2 was 
run through the Celite pad. The filtrate was concentrated in vacuo and purified by column 
chromatography (SiO2, 7 mm × 7 cm, CH2Cl2/MeOH, 40/1, 20/1, 15/1, 10/1, 5/1) to give 18.7 
mg (68%) of 178 as a colorless, heavy oil. 
Data for 179 
 1H NMR:  (500 MHz, CD3OD) 
  7.40-7.24 (m, 10 H, HC(10), HC(11), HC(12), HC(15), HC(16), HC(17)), 4.70 (d, 
J = 11.2, 1 H, HHC(13)), 4.36 (d, J = 11.5, 1 H, HHC(13)), 4.05 (m, br, 1 H, 
HC(2)), 3.88 (m, 1 H), 3.79 (m, 1 H), 3.65 (m, 1 H, HC(1)), 3.49 (m, 1 H), 3.39 
(m, 1 H, HHC(8)), 3.21 (dd, J = 13.3, 4.7, 1 H, HHC(8)), 3.12 (m, 1 H), 2.72-2.68 
(m, 4 H, HHC(3), HC(18)), 2.23-2.10 (m, 7 H), 1.93 (m, 1 H), 1.85 (dd, J = 14.7, 
4.1, HHC(3)) 
 13C NMR: (126 MHz, CD3OD) 
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  138.37 (C(14)), 136.99 (C(9)), 130.42 (C(16)), 130.06 (C(15)), 129.78 (C(11)), 
129.46 (C(10)), 129.33 (C(17)), 128.47 (C(12)), 96.55 (C(4)), 80.86 (C(2)), 78.33 
(C(1)), 72.39 (C(13)), 65.21 (C(7) or C(7’)), 61.23 (C(7) or C(7’)), 40.11 (C(3)), 
39.60 (C(5) or C(5’)), 39.47 (C(18)), 31.40 (C(8)), 24.73  (C(6) or C(6’)),  24.14 
(C(6) or C(6’)) 
 IR: (neat) 
  3419 (s, br), 3062 (w), 3005 (w), 2935 (m), 2876 (w), 1637 (m), 1496 (m), 1456 
(m), 1351 (w), 1336 (w), 1307 (w), 1255 (m), 1198 (s), 1078 (m), 1062 (m), 1024 
(m), 978 (w), 967 (w), 928 (w), 752 (m), 701 (m), 544 (m), 535 (m) 
 HRMS:  (ESI)  
Calcd for C24H30NO (cation portion): 348.2327 
Found: 348.2316 
 Rotation: α[ ]D24 -65.1 (c = 0.65, MeOH) 
 TLC: Rf 0.20 (CH2Cl2/MeOH, 5/1) [silica gel, I2, KMnO4] 
 
 (S)-tert-Butyl 7-hydroxy-4-((S)-3-hydroxy-3-phenylpropyl)-4-nitro-7-phenylheptanoate 
(202) [MX-17-59] 
 
Nitro diol 192 (1.71 g, 5.19 mmol, 1.0 equiv.) was dissolved in MeCN (10 mL) in a 100-
mL, round-bottomed flask, to which tert-butyl acrylate (1.52 mL, 10.4 mmol, 2.0 equiv.) was 
added, followed by DBU (158 mg, 1.04 mmol, 0.2 equiv.). The mixture was maintained at 75˚C 
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under nitrogen for 24 h then cooled to ambient temperature. The reaction mixture was filtered 
through a silica plug and eluted using EtOAc. The filtrate was concentrated in vacuo and purified 
by column chromatography (SiO2, 30 mm × 2 cm, hexane/EtOAc, 4/1, 2/1, 1/1) to give 2.20 g 
(92.4%) of 178 as a colorless, heavy oil. 
Data for 202 
 1H NMR:  (500 MHz, CD3OD) 
  7.33-7.26 (m, 8 H), 7.25-7.21 (d, 2 H), 4.46 (m, 2 H, HC(7), HC(7’)), 2.15-1.92 
(m, 6 H, HC(2), HC(3), HHC(5), HHC(5’)), 1.83-1.69 (m, 2 H, HHC(5), 
HHC(5’)), 1.62-1.43 (m, 4 H, HC(6), HC(6’)), 1.42 (s, 9 H, HC(9)) 
 13C NMR: (126 MHz, CD3OD) 
  173.13 (C(1)), 145.64 (C(10) or C(10’)), 145.62 (C(10) or C(10’)), 129.37, 128.45, 
127.00, 126.98, 94.66 (C(4)), 81.99 (C(8)), 74.44 (C(7) and C(7’)), 33.99 (C(6) or 
C(6’)), 32.41 (C(6) or C(6’)),  31.81 (C(5) or C(5’)), 30.67 (C(5) or C(5’)), 28.30 
(C(9)) 
 IR: (neat) 
  3408 (s, br), 3063 (m), 3030 (m), 2978 (s), 2936 (s), 2876 (m), 1954 (w), 1886 
(w), 1813 (w), 1728 (s), 1603 (w), 1537 (s), 1494 (m), 1454 (s), 1393 (m), 1369 
(s), 1351 (m), 1325 (m, br), 1266 (m), 1258 (m), 1154 (s), 1057 (m), 1029 (m), 
916 (w), 845 (m), 761 (m), 738 (s), 702 (s), 550 (w) 
 HRMS:  (ESI)  
Calcd for C26H35NONa: 480.2362 
Found: 480.2354 
 Rotation: α[ ]D24 -28.7 (c = 1.08, MeOH) 
 TLC: Rf 0.61 (hexane/EtOAc, 1/1) [silica gel, UV, KMnO4] 
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tert-Butyl 3-((3R,5R)-3,5-diphenylhexahydro-1H-pyrrolizin-7a-yl)propanoate (204) [MX-
17-62] 
 
In the presence of Raney Ni (ca. 1.6 g), Nitro ester 202 (832 g, 1.82 mmol, 1.0 equiv.) 
placed in a 100-mL, round-bottomed flask equipped with a magnetic stir bar was subjected to 
hydrogenation at ambient temperature for 48 hours. The resulting solution was then filtered 
through a pad of Celite. The filtrate was concentrated in vacuo and dried under high vacuum (ca. 
0.1 mmHg) to afford a colorless oil.  
The residue thus obtained was dissolved in anhydrous DCM 10 mL and cooled in ice-
H2O bath for 10 min. Et3N (1.27 mL, 9.10 mmol, 5.0 equiv.) was added, followed by MsCl (310 
μL, 4.00 mmol, 2.2 equiv.). Cold bath was removed and the reaction mixture was warmed to 
ambient temperature and concentrated in vacuo. The residue was purified by column 
chromatography (SiO2, 60 mm × 6 cm, hexane/EtOAc, 6/1, 4/1, 2/1, 1/1) to give 463 g (65.0%) 
of 204 as a white solid. 
Data for 204 
 mp: 76.0-76.5 °C (hexane/EtOAc) 
 1H NMR:  (500 MHz, CDCl3) 
  7.06-7.04 (m, 2 H), 7.00-6.94 (m, 6 H), 6.91-6.85 (m, 2 H), 4.22 (dd, J = 11.2, 4.4, 
1 H, HC(1)), 3.70 (m, 1 H, HC(7)), 2.59 (m, 1 H, HHC(9)), 2.45 (m, 1 H, 
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HHC(9)), 2.21 (m, 1 H, HHC(2)), 2.03-1.90 (m, 5 H, HHC(2), HHC(5), HHC(6), 
HC(8)), 1.83-1.74 (m, 2 H, HC(3)), 1.68-1.59 (m, 2 H, HHC(5), HHC(6)), 1.51 (s, 
9 H, HC(12)) 
 13C NMR: (126 MHz, CDCl3) 
  173.96 (C(10)), 146.84 (C(17)), 138.20 (C(13)), 129.37 (C(14)), 127.27, 127.14, 
126.71, 126.56 (C(18)), 125.34, 80.06 (C(11)), 73.34 (C(4)), 66.24 (C(1)), 65.40 
(C(7)),  37.10 (C(8)), 36.89 (C(6)), 31.81 (C(9)), 28.48 (C(2)), 28.19 (C(12)) 
 IR: (neat) 
  3062 (w), 3030 (w), 2952 (m), 2865 (m), 1728 (s), 1603 (w), 1491 (m), 1452 (m), 
1392 (m), 1367 (s), 1303 (m), 1257 (m), 1214 (w), 1147 (s), 1097 (m), 1074 (m), 
1023 (w), 955 (w), 910 (w), 848 (m), 755 (m), 696 (s), 530 (w) 
 HRMS:  (ESI)  
Calcd for C26H34NO2: 392.2590 
Found: 392.2591 
 Rotation: α[ ]D24 70.7 (c = 1.69, CHCl3) 
 TLC: Rf 0.53 (hexane/EtOAc, 3/1) [silica gel, UV, KMnO4] 
 
(2R,8R)-2,8-Diphenyl-azoniatricyclo[3.3.3.0]-undecane mesylate (201) [MX-17-27] 
 
Amino ester 204 (28.3 mg, 0.0723 mmol, 1.0 equiv.) was dissolved in anhydrous THF 10 
mL and cooled in ice-H2O bath for 10 min. LAH (100 mg) was added. The reaction mixture was 
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stirred in the cold bath for 20 minutes and then H2O (10 mL) was added dropwise. Aqueous layer 
was extracted with ethyl ether and the organic layer was concentrated. The residue was dissolved 
in anhydrous CH2Cl2 (10 mL) in a 50-mL, round-bottomed flask equipped with a magnetic stir 
bar, to which MsCl (8.4 μL, 0.108 mmol, 1.5 equiv) was added, followed by Ag2O (400 mg). 
The flask was sealed with a septum. The reaction mixture was stirred in dark at ambient 
temperature for 0.5 h and then filtered through a pad of Celite. Another 20 mL of CH2Cl2 was 
run through the Celite pad. The filtrate was concentrated in vacuo and purified by column 
chromatography (SiO2, 7 mm × 7 cm, CH2Cl2/MeOH, 40/1, 20/1, 15/1, 10/1, 5/1) to give 24.5 
mg (85%) of 201 as a colorless, heavy oil. 
Data for 201 
 1H NMR:  (500 MHz, CDCl3) 
  7.66 (br, 2 H), 7.56 (t, J = 7.4, 1 H), 7.47 (m, br, 2 H), 7.16 (t, J = 7.8, 1 H), 3.70 
(m, 1 H), 6.99 (t, J = 7.8, 2 H), 6.36 (d, J = 7.3, 2 H), 4.88 (dd, J = 13.7, 4.2, 1 H), 
4.68 (dd, J = 13.1, 4.8, 1 H), 3.53 (dt, J = 12.5, 5.5, 1 H, HHC(8)), 3.43 (dd, J = 
12.2, 5.6, 1 H, HHC(8)), 2.99 (m, 1 H), 2.76 (s, 3 H, HC(19)), 2.67-2.56 (m, 2 H), 
2.46-2.15 (m, 9 H) 
 13C NMR: (126 MHz, CDCl3) 
  131.12, 130.66, 130.35, 130.14, 129.75, 129.51, 128.17, 98.98 (C(4)), 78.33, 
72.65, 58.96 (C(8)), 39.52 (C(19)), 37.32 (C(10)), 35.89, 35.21, 30.09, 27.67, 
24.28 (C(9)) 
 IR: (neat) 
  3430 (m, br), 3061 (w), 2959 (w), 2880 (w), 1986 (w), 1911 (w), 1833 (w), 1639 
(w), 1585 (w), 1499 (m), 1456 (m), 1421 (w), 1376 (w), 1320 (w), 1301 (w), 1197 
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(s), 1040 (s), 1002 (w), 971 (w), 954 (w), 930 (w), 874 (w), 843 (w), 910 (w), 764 
(s), 743 (m), 704 (s), 595 (m), 552 (m), 523 (m) 
 HRMS:  (ESI)  
Calcd for C22H26N: 304.2065 
Found: 304.2077 
 Rotation: α[ ]D24 14.9 (c = 0.66, MeOH) 
 TLC: Rf 0.16 (CH2Cl2/MeOH, 5/1) [silica gel, UV, KMnO4] 
 
(2R,8R,9R)-2,8,9-Triphenyl-azoniatricyclo[3.3.3.0]-undecane mesylate (212) [MX-17-52, 
MX-17-55] 
 
Amino ester 204 (70.0 mg, 0.179 mmol, 1.0 equiv.) was dissolved in anhydrous toluene 5 
mL and cooled to -70oC. DIBAL in hexane (1.0 M × 197 μL) was added. The reaction mixture 
was stirred in the cold bath for 20 minutes and then H2O (10 mL) was added dropwise. Aqueous 
layer was extracted with EtOAc and the organic layer was concentrated.  
The residue thus obtained was dissolved in anhydrous THF (5 mL) and reacted with 
PhMgBr in ethyl ether (3.0 M  × 89  μL) The residue was dissolved in anhydrous CH2Cl2 (10 mL) 
in a 50-mL, round-bottomed flask equipped with a magnetic stir bar, to which MsCl (21 μL, 
0.269 mmol, 1.5 equiv) was added, followed by Ag2O (400 mg). The flask was sealed with a 
septum. The reaction mixture was stirred in dark at ambient temperature for 0.5 h and then 
filtered through a pad of Celite. Another 20 mL of CH2Cl2 was run through the Celite pad. H2O 
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(200 μL) was added. The resulting mixture was heated at 40 oC under nitrogen for 6 days and 
cooled to ambient temperature and concentrated in vacuo. The residue was purified by column 
chromatography (SiO2, 7 mm × 7 cm, CH2Cl2/MeOH, 40/1, 20/1, 15/1, 10/1, 5/1) to give 27 mg 
(32%) of 212 as an amorphous white solid. 
Data for 212 
 1H NMR:  (500 MHz, CD3OD) 
  7.43 (m, 6 H), 7.40-7.00 (br, 9 H), 5.12 (dd, J = 13.4, 5.1, 3 H, HC(1)), 3.02 (m, 3 
H, HHC(2)), 2.69 (s, 3 H, HC(9)), 2.38-2.27 (m, 9 H, HHC(2), HC(3)) 
 13C NMR: (126 MHz, CDCl3) 
  133.10, 132.62, 131.68, 130.11, 105.13 (C(4)), 75.22 (C(1)), 39.47 (C(9)), 35.23 
(C(2)), 30.98 (C(3)) 
 IR: (neat) 
  3414 (m, br), 3070 (w), 3001 (w), 2956 (w), 2919 (w), 2853 (w), 1986 (w), 1658 
(w), 1583 (w), 1552 (w), 1500 (m), 1468 (w), 1454 (m), 1416 (w), 1372 (w), 1359 
(w), 1322 (w), 1254 (w), 1201 (s), 1160 (m), 1036 (m), 1008 (w), 972 (m), 938 
(w), 924 (w), 866 (w), 766 (s), 708 (s), 589 (m), 522 (m) 
 HRMS:  (ESI)  
Calcd for C28H30N: 380.2378 
Found: 380.2384 
 Rotation: α[ ]D24 89.7 (c = 0.46, MeOH) 
 TLC: Rf 0.38 (CH2Cl2/MeOH, 5/1) [silica gel, UV, KMnO4] 
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General Procedure IV (Half-Life Determinations). Kinetic Analysis of 1-Azoniapropellanes 
as Phase Transfer Catalysts in the Benzylation of tert-Butyl 2-(diphenylmethyleneamino) 
acetate (118)112 and Determination of the Enantiomeric Composition of tert-Butyl 2-
(diphenylmethyleneamino)-3-phenylpropanoate (224)112 
NPh
Ph
Ot-Bu
O
BnBr 50% KOH (0.67 mL)
NPh
Ph
Ot-Bu
O
Ph
catalyst (2.5 mol%)
+
(1.2 equiv.)
toluene (0.17 M)
2 - 4 oC118
(S)-224 (R)-224
NPh
Ph
Ot-Bu
O
Ph
 
A 2–mL scintillation vial was fitted with a Teflon lined rubber septum and tert-butyl 2-
(diphenylmethyleneamino) acetate (100 mg, 0.34 mmol), and quaternary ammonium salt (0.025 
equiv) were added. The liquid reagents, toluene (0.40 mL) and benzyl bromide (87.1 mg, 0.41 
mmol, 1.2 equiv) were added via syringe from stock solutions. Then, a 1.5 cm egg-shaped a 
magnetic stir bar was placed in the vial, which was then transferred to a cold room that 
maintained the temperature at 2-4 oC.  The reaction mixture was allowed to equilibrate for at 
least 20 minutes with stirring.  Lastly, 50% aq. KOH (8.9 M, 0.67 mL, x  mmol, 17.8 equiv) was 
added and the stir rate was set to 1100 rpm.  Aliquots were taken at the indicated times and 
analyzed as follows.  Three seconds prior to the indicated time interval, the stirrer was turned off.  
At the indicated time interval a 5-7 µL aliquot of the organic layer was removed and then was 
injected into acetonitrile (1-1.2 mL) containing glacial acetic acid (5-10 µL).  This clear solution 
was filtered through a small plug of silica gel (0.5 x 1 cm) and the filtrate was analyzed by the 
following method. Analytical high pressure liquid chromatography (HPLC) was performed using 
a Hewlett Packard 1090L Chromatograph equipped with a variable wavelength diode array 
detector and an autosampler.  The chromatograph was equipped with a reverse phase 
Phenomenex Luna C18(2) column (3µm, 4.6x150mm, lampcurrent = 1).  Method 1: Linear 
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Gradient; flowrate = 1.0 mL/min, λ = 254 nm, solvent = 30% CH3CN/70%H2O to 
90%CH3CN/10%H2O over 10 min, then isocratic for 7 min.  A 3 minute re-equilibration time 
was utilized between runs.  The water eluent contains 0.1% v/v acetic acid.  The elution times are: 
starting material (9.5 min), product (14.3 min) and internal standard (15.3 min).  
Enantioselectivity of the benzylated product was measure using HPLC with the following 
conditions: Welk-O, 1.0 mL/min, 5% IPA/Hex, tR(S) = 5.9 min, tR(R) = 12.0 min. 
 
Catalytic Activity and Enantioselectivity of (2S,3R)-3-Benzyloxy-2-methyl-1-
azoniatricyclo[3.3.3.0]-undecane mesylate (166) [MX-15-96] 
 
            Following General Procedure IV, 3.1 mg of 166 was employed as the catalyst. The 
enantiomeric ratio of the products was 46:54 ((S)-224: (R)-224). The estimated half lives of the 
reaction were 38 minutes (Run 1) and 44 minutes (Run 2). 
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Catalytic Activity and Enantioselectivity of (2R,3R)-3-Benzyloxy-2-methyl-1-
azoniatricyclo[3.3.3.01,5]-undecane mesylate (168) [MX-16-25] 
N OMs
Me
BnO
168
NPh
Ph
Ot-Bu
O
BnBr
50% KOH (0.67 mL)
NPh
Ph
Ot-Bu
O
Ph
(2.5 mol%)
+
(1.2 equiv.)
toluene (0.17 M)
2 - 4 oC118 (S)-224 (R)-224
NPh
Ph
Ot-Bu
O
Ph
 
            Following General Procedure IV, 3.1 mg of 168 was employed as the catalyst. The 
enantiomeric ratio of the products was 51:49 ((S)-224: (R)-224). The estimated half lives of the 
reaction were 20 minutes (Run 1) and 14 minutes (Run 2). 
 
Catalytic Activity and Enantioselectivity of (2S,3R)-2-Benzyl-3-benzyloxy-1-
azoniatricyclo[3.3.3.0]-undecane mesylate (178)  [MX-16-16] 
 
            Following General Procedure IV, 3.8 mg of 178 was employed as the catalyst. The 
enantiomeric ratio of the products was 50:50 ((S)-224: (R)-224). The estimated half lives of the 
reaction were 10 minutes (Run 1) and 12 minutes (Run 2). 
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Catalytic Activity and Enantioselectivity of (2R,3R)-2-Benzyl-3-benzyloxy-1-
azoniatricyclo[3.3.3.0]-undecane mesylate (179) 
N OMs
Bn
BnO
179
NPh
Ph
Ot-Bu
O
BnBr
50% KOH (0.67 mL)
NPh
Ph
Ot-Bu
O
Ph
(2.5 mol%)
+
(1.2 equiv.)
toluene (0.17 M)
2 - 4 oC118 (S)-224 (R)-224
NPh
Ph
Ot-Bu
O
Ph
 
Following General Procedure IV, 3.8 mg of 179 was employed as the catalyst. The 
enantiomeric ratio of the products was 50:50 ((S)-224: (R)-224). The estimated half lives of the 
reaction were 18 minutes (Run 1) and 18 minutes (Run 2). 
 
Catalytic Activity and Enantioselectivity of (2R,8R)-2,8-Diphenyl-azoniatricyclo[3.3.3.0]-
undecane mesylate (201) [MX-17-28] 
 
Following General Procedure IV, 3.4 mg of 201 was employed as the catalyst. The 
enantiomeric ratio of the products was 46:54 ((S)-224: (R)-224). The estimated half lives of the 
reaction were 380 minutes (Run 1) and 300 minutes (Run 2). 
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Catalytic Activity and Enantioselectivity of (2R,8R,9R)-2,8,9-Triphenyl-
azoniatricyclo[3.3.3.0]-undecane mesylate (212) [MX-17-58] 
 
Following General Procedure IV, 4.0 mg of 212 was employed as the catalyst. The 
enantiomeric ratio of the products was 45:55 ((S)-224: (R)-224). The estimated half lives of the 
reaction were 450 minutes (Run 1) and 480 minutes (Run 2). 
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Lewis Base Activation of Lewis Acids: Attempts in the                             Appendix 
Development of Catalytic Cycloaddition and/or  
Nucleophilic Addition to Nitroalkenes  
 
A.1. Introduction and Background 
In the tandem intermolecular [4+2] / intramolecular [3+2] cycloaddition of nitroalkenes, 
high level of asymmetric induction can be achieved using a chiral, nonracemic enol ether121 as 
the dienophile. Chiral aluminum122 and titanium-based34 Lewis acids can also give respectable 
levels of stereo control (45-84% ee) with achiral dienophiles. However a general, high yielding 
and highly selective catalyst for enantioselective [4+2] cycloaddition of nitroalkenes has not 
been reported. The primary obstacle is the stronger basicity of the nitronate generated in the [4+2] 
event compared to the nitroalkene, causing product inhibition of catalysis.   
A possible solution to this problem can be found in a new approach extensively 
developed in these laboratories, namely, chiral Lewis base activation of Lewis acids.123 The most 
successful catalytic system consists of stoichiometric amount of silicon tetrachloride (SiCl4) and 
a catalytic amount of Lewis base. The ability of a variety of functionally and structurally distinct 
Lewis bases to activate SiCl4 and promote a variety of aldol type reactions or allylation has 
already been demonstrated, such as phosphoramides,124 N-oxides,125 formamides126 and ureas.127  
The purpose of this research is to survey the feasibility of addition of oxygen-containing 
dienophiles to nitroalkenes promoted by Lewis base activation of Lewis acid, aiming at further 
development of a catalytic enantioselective process. This system provide unique opportunities 
for the development of a catalytic tandem cycloaddition of nitroalkenes in that the basic nitronate 
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product is potentially able to assist the turnover of a Lewis base catalyst and avoid product 
inhibition. 
 
A.2. Results and Discussion 
A.2.1. Tandem [4+2]/[3+2] Cycloaddition of Nitroalkenes 
Initially，the ability of the combination of SiCl4  and a variety of Lewis bases to promote 
the tandem [4+2]/[3+2] cycloaddition of nitroalkenes was examined.  The well-studied nitro 
alkene 1 128  and n-butyl vinyl ether (BVE) were first employed as model substrates.  Two 
diastereomeric nitroso acetals (3a, 3b) were obtained under activation with TiCl2(Oi-Pr)2 
(Scheme A.1).  Conditions for analysis of each of the diastereomers on chiral stationary phase 
supercritical fluid chromatography (CSP-SFC) were also developed. 
 
Scheme A.1 
Me
N
CO2Me
OO Ti(Oi-Pr)2Cl2
CH2Cl2
-78 oC, 1h
1 3a/3b=7/1
80%
N
OO
H
Me HH
MeO2C
On-Bu
N
OO
Me HH
MeO2C
On-Bu
H
3a 3b
+
2On-Bu
 
 
Representative Lewis bases were employed, including hexamethylphosphoramide 
(HMPA), pyridine N-oxide (PNO), N,N-dimethylformamide (DMF), tetramethylurea (TMU), 
and N-methylimidazole (NMI).  However, in the presence of SiCl4, none of these Lewis bases 
successfully promoted the cycloaddition of nitro alkene 1 (Scheme A.2).  
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Scheme A.2 
 
 
A.2.2. [4+2] Cycloaddition of Alkyl Vinyl Ethers to Nitroalkenes 
The structurally simpler as well as more reactive nitroalkene 4 was then employed in 
combination with BVE.  The [4+2] cycloaddition proceeded smoothly in the presence of 
TiCl2(Oi-Pr)2 or methylaluminum bis(2,6-diphenylphenoxide) (MAPh) (Scheme A.3), affording 
two diastereomeric nitronates, which were distinguished by the different 1H NMR signals of the 
anomeric protons in each product.  Conditions for analysis of each diastereomer on CSP-SFC 
were also obtained. 
 
Scheme A.3 
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Unfortunately, the [4+2] cycloaddition was, again, not promoted by the combination of 
SiCl4 and Lewis bases (Scheme A.4). 
 
Scheme A.4 
 
 
Upon warming the reaction mixtures, polymerization of BVE was observed.  Considering 
the possibility that bulkier vinyl ethers would be less prone to polymerize under acidic conditions, 
cyclohexyl vinyl ether (6) was investigated.  Cycloadducts were obtained with Ti(Oi-Pr)2Cl2 and 
MAPh promotion in good yield (Scheme A.5).   
 
Scheme A.5 
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Once again, no cycloaddition product was observed when tested with SiCl4 (3 equiv) and 
HMPA (3 equiv), even at room temperature (Scheme A.6). 
 
Scheme A.6 
 
 
A.2.3. Conjugate Addition of Silyl Enol Ether or Silyl Ketene Acetal to Nitroalkene     
Because vinyl ethers failed to afford cycloadducts in the presence of SiCl4 and Lewis 
bases, stronger nucleophiles were next investigated.  It has been reported that in the presence of 
Lewis acid promoters, ketene acetals129 and silyl enol ethers130 can undergo conjugate addition to 
nitroalkenes. In this case, 1-(tert-butyldimethylsiloxy)-1-methoxyethene (8) and 
trimethyl(vinyloxy)silane (9) were employed in combination with 2-nitrostyrene (10). Addition 
products 11 and 12 were obtained respectively after aqueous workup (Scheme A.7).   
 
Scheme A.7 
NO2
+
NO2
CO2Me
PhPh
OMe
OTBS Ti(Oi-Pr)2Cl2
CH2Cl2
-78 oC / 1 h
10 8 1130%  
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Considering the acid sensitive nature of ketene acetals and silyl enol ethers, 
diisopropylethylamine (DIPEA) was employed to guard against the detrimental effects of trace 
HCl in the reaction mixture.  Unfortunately, additions of ketene acetal 8 and silyl enol ether 9 to 
2-nitrostyrene (10) were not observed under a number of conditions surveyed (Scheme A.8).   
 
Scheme A.8 
 
NO2
+
NO2
CHO
PhPh
OTMS
10 9 12
HMPA (1.1 equiv)
DIPEA (0.1 equiv)
SiCl4 (1.1 equiv)
-78 ° C to rt, 18 h
or
-50 ° C, 48 h
0%  
 
In order to clarify whether the obstacle in this endeavor lay in the instability of 
dienophiles or in the low reactivity of nitroalkenes under the reaction conditions employed, 1H 
NMR analysis was used to monitor the reaction in situ. The results indicated that in the presence 
of 2-nitrostyrene (10), SiCl4, HMPA and DIPEA, ketene acetal 8 was only partially destroyed at -
70 °C, but started to be decomposed rapidly even at -50 °C.  Under these Lewis acidic conditions, 
silyl enol ether 9 was stable at low temperature and only slowly turned into acetaldehyde at 20 
°C.  Cyclohexyl vinyl ether 6 was compatible with SiCl4 and HMPA at lower temperatures but 
underwent polymerization gradually at 20 °C.  In all these cases, however, 2-nitrostyrene 10 
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remained unreactive.  It is possible that the in situ generated silyl cation119 may not be as 
efficient a promoter as other Lewis acids such as Ti(Oi-Pr)2Cl2, MAPh and Me3Al.  Due to its 
weak Lewis basicity, the nitro group coordinates poorly to the silyl cation.  Therefore, the 
nitroalkene was not effectively activated to undergo cycloaddition or conjugate addition. 
It has also been reported that aldol additions of trichlorolsilyl ketene acetal to 
aldehydes131 and/or ketones132 can be catalyzed by a substoichiometric amount of Lewis base.  
High levels of asymmetric induction can be obtained with chiral phosphoramide127 and/or chiral 
bis-N-oxide catalysts.128  However, the addition of methyl trichlorolsilyl ketene acetal 13 to 2-
nitrostyrene (10) was not promoted by either HMPA or pyridine N-oxide and only the slow 
decomposition of 13 was observed (Scheme A.9). 
 
Scheme A.9 
 
 
A.3. Conclusion 
In summary, the addition of n-butyl vinyl ether (2), cyclohexyl vinyl ether (6), ketene 
acetal 8 and silyl vinyl ether 9 to nitroalkenes could be promoted by Ti(Oi-Pr)2Cl2, MAPh or 
Me3Al. However, all attempts to promote the addition by SiCl4/Lewis base were unsuccessful.  
Trichlorolsilyl ketene acetal 13, in the presence of Lewis base activator, failed to undergo 
addition to nitroalkenes.  
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A.4. Experimental 
Methyl rel-(1R,3S,5R,6aR,8aR,8bS)-5-Butoxy-8b-methyl-6a,7,8,8a-tetrahydrocyclopenta 
[1,2,3-hj]isooxazolo[2,3-b][1,2]oxazine-1-carboxylate (3a) [MX-I-85] and Methyl rel-(lR,3S, 
5S,6aR,8aR,8bS)-5-Butoxy-8b-methyl-6a,7,8,8a-tetrahydroyclopenta[1,2,3-
hj]isooxazolo[2,3-b][1,2]oxazine-l-carbxylate (3b) [MX-1-85] 
 
Data for 3a:    
 1H NMR:  (400 MHz, CDCl3) 
5.08 (dd, J = 3.48, 6.42, 1 H, HC(5)), 4.86 (d, J = 8.3, 1 H, H3C(15)), 3.85 (dt, J = 
9.63, 6.77, 1 H, HC(10)), 3.78 (s, 3H, HC(15)), 3.51 (dt, J = 9.67, 6.72, 1 H, 
HC(10)), 2.72 (dt, J = 7.73, 2.64, 1 H, HC(8a)), 2.14-1.34 (m, 11 H), 1.31 (s, 3 H, 
H,C(9)), 0.90(t, J = 7.31, 3 H, H3C(13)) 
 13C NMR: (100 MHz, CDCl3) 
 170.07(C(14)), 99.65 (C(5)), 86.63 (C(l)), 83.04 (C(8b)), 69.60 (C(10)), 57.28 
(C(15)). 52.25 (C(8a)), 43.45 (C(6a)), 34.35 (C(6)), 31.76 (C(1l)), 28.68 (C(8)), 
27.94 (C(7)), 24.58 (C(9)), 19.09 (C(12), 13.77 (C(13)); 
     TLC:   Rf 0.66 (hexane/EtOAc, 2/1) [silica gel, p-anisaldehyde]  
SFC:   Column: Chiral OB 
Inlet pressure: 125bar 
Flow rate: 3ml / min 
Eluent: CO2 / MeOH = 98 / 2 
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tR : 1.97 min, 2.46 min  
 
Data for 3b:    
 1H NMR:  (400 MHz, CDCl3) 
4.94 (t, J = 7.43, 1 H, HC(5)), 4.78 (d, J = 7.92, 1 H, HC(l)), 3.81 (dt, J = 9.62, 
6.86, 1 H, HC(10)), 3.72 (s, 3 H, H3C(15)), 3.36 (dt, J = 9.62, 7.01, 1 H, HC(10)), 
2.67 (m, 1 H, HC(8a)), 2.06-1.33 (m, 11 H), 1.28 (s, 3 H, H,C(9)), 0.84 (t, J = 
7.33, 3 H, H3C(13));  
 13C NMR: (100 MHz, CDCl3) 
170.14 (C(14)), 98.62 (C(5)), 87.27 (C(l)), 85.27 (C(8b)), 67.88 (C(10)), 56.72 
(C(15)), 52.31 (C(8a)), 43.15 (C(6a)), 31.64 (C(6)), 31.51 (C(1l), 28.69 (C(8)), 
26.78 (C(7)), 23.68 (C(9)), 19.22 (C(12)), 13.08 (C(13)) 
TLC:   Rf 0.60 (hexane/EtOAc, 2/1) [silica gel, p-anisaldehyde]  
SFC:   Column: Chiral OB 
Inlet pressure: 125bar 
Flow rate: 3ml / min 
Eluent: CO2 / MeOH = 98 / 2 
tR : 2.24 min, 4.94 min  
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SiCl4/HMPA Promoted Cycloaddition of n-Butyl Vinyl Ether with Nitroalkene 1 [MX-1-86] 
 
n-Butyl vinyl ether (130 μL, 1.0 mmol, 5.0 equiv) was added to a cold (-78 °C) solution 
of nitroalkene 1 (40 mg, 0.20 mmol), SiCl4 (90 μL, 0.80 mmol, 4.0 equiv) and HMPA (36 μL, 
0.20 mmol, 1 equiv) in CH2Cl2 (1.0 mL) in a 5 mL two-neck flask equipped with gas inlet 
septum and a magnetic stirring bar inside under nitrogen. After 1 h, the reaction mixture was 
warmed to and maintained at 0 °C.  After 1 h, the reaction mixture was warmed to room 
temperature and allowed to stir for 18 h.  Then the reaction mixture was poured into a vigorously 
stirred, ice-cold, saturated NaHCO3 solution (20 mL).  The mixture was further stirred for 30 min 
at room temperature, then was taken up in 20 mL of ether and the organic layer was washed with 
water (2 ×10 mL), brine (10 mL), and the combined aqueous washes were back extracted with 
ether (2 ×20 mL).  The organic extracts were dried (Na2SO4) and concentrated in vacuo.  The 
crude product was analyzed by 1H NMR.  No desired product was observed. 
 
rel (4R,6R)-6-Butyl-5,6-dihydro-3-methyl-4-phenyl-1,2-oxazine N-Oxide (5a) [MX-1-96] 
 
To a magnetically stirred solution of Ti(Oi-Pr)4 (86 μL, 0.30 mmol, 1.5 equiv) in CH2Cl2 
(0.5 mL) in a 5 mL two-neck flask was added TiCl4 (33 μL, 0.30 mmol, 1.5 equiv) under 
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nitrogen.  The mixture was allowed to stir at room temperature for 30 min, then was added 
dropwise to a cold (-78 oC) solution of nitroalkene 4 (32.6 mg, 0.20 mmol) in CH2Cl2 (1.0 mL) 
in a 5 mL two-neck flask under nitrogen.  Then n-butyl vinyl ether (130 μL, 7.5 mmol, 5 equiv) 
was slowly added at the same temperature.  The resulting solution was allowed to stir at -78 °C 
for 1 h, after which the reaction mixture was poured into a vigorously stirred, ice-cold, saturated 
NaHCO3 solution (20 mL) and was allowed to warm to room temperature.  The mixture was 
taken up in 20 ml of ether and washed with water (2 ×10 mL), brine (10 mL), and the combined 
aqueous washes were back extracted with ether (2 ×20 mL). The organic extracts were dried 
(Na2SO4) and concentrated in vacuo and purified by silica gel chromatography (hexane/EtOAc, 
6/1, 4/1, 2/1) to afford 24 mg of 5a (47%) and 12 mg of 5b (23%), each as a colorless oil. 
Data for 5a:    
 1H NMR:  (400 MHz, CDCl3) 
  7.40-7.20 (m; 5 H), 5.39 (dd, J = 3.9, 5.4; 1 H, HC(6)), 4.09 (dt, J = 6.4, 6.8, 1 H, 
HC(1’)), 3.78 (dt, J = 1.2, 8.5; 1 H, H(C4)), 3.63 (dt, J = 6.6, 9.5, 1 H, C(1’)), 2.59 
(ddd, J = 3.7, 8.6, 14.9; 1 H, C(5)), 2.14 (ddd, J = 1.2, 5.4,14.9, 1 H, C(5)), 1.92 (s; 
3 H, C7), 1.65-1.59 (m; 2 H, C(2’)), 1.38 (hex, J = 7.6; 2 H, 3’), 0.95 (t, J = 7.5; 3 
H, C4’) 
 13C NMR: (100 MHz, CDCl3) 
  139.97, 128.74, 128.26, 127.40, 123.93 (C3), 102.32 (C6), 69.76 (C1’), 42.08 
(C5), 34.93 (C4), 31.28 (C2’), 18.96 (C7), 17.13 (C3’), 13.66 (C4’) 
TLC:   Rf 0.06 (hexane/EtOAc, 4/1) [silica gel, p-anisaldehyde]  
SFC:   Column: Chiral OJ       
Inlet pressure: 125 bar 
  
 
199
Flow rate: 3 ml / min     
Eluent: CO2 / MeOH = 96.5 / 3.5 
tR : 3.03 min, 3.48 min 
 
rel-(4R, 6S)-6-Butoxyl-5,6-dihydro-3-methyl-4-phenyl-1,2-oxazine N-Oxide (5b) [MX-I-95] 
N
Ph
O O
+
On-Bu MAPhCH2Cl2
-78 ° C to 0 ° C / 30min
70%
H3C
N
O
Ph
O
H3C
O
4 2 5b
7
3
4
5
6 1'
2'
3'
4'
 
To a magnetically stirred cold (-78 oC) solution of nitroalkene 4 (32.6 mg, 0.20 mmol) in 
CH2Cl2 (0.5 mL) in a 5 mL two-neck flask under nitrogen was added a solution (premixed at 
room temperature for 1 h) of 2,6-diphenylphenol (296 mg, 1.20mmol, 6.0 equiv) and Me3Al (2.0 
M in toluene, 300 μL, 0.60 mmol, 3.0 equiv) in CH2Cl2 (1.0 mL), followed by n-butyl vinyl ether 
(130 μL, 1.0 mmol, 5 equiv) added slowly.  The resulting solution was warmed over 10 min to 0 
oC, maintained at 0 oC for 20 min, then was poured into a vigorously stirred, ice-cold, saturated 
NaHCO3 solution (20 mL) and was allowed to warm to room temperature.  The mixture was 
taken up in 20ml of ether and washed with water (2 ×10 mL), brine (10 mL), and the aqueous 
washes were back extracted with ether (2 ×20 mL).  The organic extracts were dried (Na2SO4) 
and concentrated in vacuo and purified by silica gel chromatography (hexane/EtOAc, 6/1, 4/1, 
2/1) to afford 36 mg (70%) of 5b as a colorless oil. 
Data for 5b:    
 1H NMR:  (400 MHz, CDCl3) 
 7.38-7.18 (m; 5 H), 5.35 (t, J = 2.4; 1 H, HC(6)), 4.02 (dt, J = 6.8, 10.0, 1 H, 
HC(1’)), 3.85 (dt, J = 1.6, 9.4; 1 H, HC(4)), 3.65 (dt, J = 6.6, 9.2, 1 H, HC(1’)), 
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2.27 (ddd, J = 1.8, 7.6, 13.6; 1 H, HC(5)), 2.12 (ddd, J = 2.8, 11.6, 14.0, 1 H, 
HC(5)), 1.84 (s; 3 H, HC(7)), 1.67-1.56 (m; 2 H, HC(2’)), 1.38 (hex, J = 7.6; 2 H, 
H(3’)), 0.94 (t, J = 7.6; 3 H, HC(4’)) 
 13C NMR: (100 MHz, CDCl3) 
 140.42, 129.44, 128.21, 127.92 123.41 (C3), 101.30 (C6), 69.36 (C1’), 40.93 (C5), 
34.70 (C4), 31.67 C2’), 19.39 (C7), 17.78 (C3’), 14.04 (C4’) 
TLC:   Rf 0.15 (hexane/EtOAc, 4/1) [silica gel, p-anisaldehyde]  
SFC:   Column: Chiral OJ       
Inlet pressure: 125 bar 
Flow rate: 3 ml / min     
Eluent: CO2 / MeOH = 96.5 / 3.5 
tR : 2.52 min, 3.15 min 
 
SiCl4/HMPA Promoted Cycloaddition of n-Butyl Vinyl Ether with 4 [MX-I-97] 
 
n-Butyl vinyl ether (130μL, 1.0 mmol, 5.0 equiv) was added to a cold (-78 ˚C) solution of 
nitroalkene 4 (33mg, 0.20 mmol), SiCl4 (90 μL, 0.80 mmol, 4.0 equiv) and HMPA (36μL, 0.20 
mmol, 1 equiv) in CH2Cl2 (1.0 ml) in a 5 mL two-neck flask equipped with gas inlet septum and 
a magnetic stirring bar inside under nitrogen.  After 1 h, the reaction mixture was warmed to and 
maintained at 0 ˚C.  After 1 h, the reaction mixture was warmed to room temperature and 
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allowed to stir for 18 h.  Then the reaction mixture was poured into a vigorously stirred, ice-cold, 
saturated NaHCO3 solution (20 mL).  The mixture was further stirred for 30 min at room 
temperature, then taken up in 20ml of ether and washed with water (2 ×10 mL), brine (10 mL), 
and the aqueous washes were back extracted with ether (2 ×20 mL). The organic extracts were 
dried (Na2SO4) and concentrated in vacuo.  The crude product was analyzed by 1H NMR.  No 
desired product was observed. 
 
rel- (4R, 6R)-6-Cyclohexyl-5,6-dihydro-3-methyl-4-phenyl-1,2-oxazine N-Oxide (7a) [MX-2-
07] 
 
To a magnetically stirred solution of Ti(Oi-Pr) 4 (86 μL, 0.30 mmol, 1.5 equiv) in CH2Cl2 
(0.5 mL) in a 5 mL two-neck flask under nitrogen was added TiCl4 (33 μL, 0.30 mmol, 1.5 
equiv).  The mixture was allowed to stir at room temperature for 30 min; then was added 
dropwise to a cold (-78 oC) solution of nitroalkene 4 (32.6 mg, 0.20 mmol) in CH2Cl2 (1.0 mL) 
in a 5 mL two-neck flask under nitrogen, followed by cyclohexyl vinyl ether (42 μL, 3.0 mmol, 
1.5 equiv) added slowly.  The resulting solution was allowed to stir at -78 oC for 1 h, after which 
the reaction mixture was poured into a vigorously stirred, ice-cold, saturated NaHCO3 solution 
(20 mL) and allowed to warm to room temperature. The mixture was taken up in 20ml of ether 
and washed with water (2 ×10 mL), brine (10 mL), and the aqueous washes were back extracted 
with ether (2 ×20 mL).  The organic extracts were dried (Na2SO4) and concentrated in vacuo and 
  
 
202
purified by silica gel chromatography (hexane/EtOAc, 6/1, 4/1, 2/1) to afford 24 mg of 7a (47%) 
and 16 mg of 7b (23%), each as a colorless oil. 
 
Data for 7a:    
 1H NMR:  (400 MHz, CDCl3) 
 7.35-7.22 (m; 5 ), 5.50 (dd, J = 3.6, 5.6, 1 H, HC(6)), 3.89 (ddd, J = 3.8, 9.6, 13.6, 
1 H, HC(4)), 3.74(t, J = 7.8, 1 H, HC(1’)), 2.52 (ddd, J = 3.2, 8.8, 14.0, 1 H, 
HC(5)), 2.090(ddd, J = 6.0, 6.8, 14.0; 1 H, C(5)), 2.04-1.10 (br,10 H) 
 13C NMR: (100 MHz, CDCl3) 
 139.97, 128.74, 128.26, 127.40, 123.93 (C3), 102.32 (C6), 77.86 (C1’), 42.08 
(C5), 34.93 (C4), 32.14 (C2’), 25.69 (C4’), 23.97 (C3’), 18.96 (C7) 
TLC:   Rf 0.08 (hexane/EtOAc, 4/1) [silica gel, p-anisaldehyde]  
SFC:   Column: Chiral OJ       
Inlet pressure: 125 bar 
Flow rate: 3 ml / min     
Eluent: CO2 / MeOH = 96.5 / 3.5 
tR : 2.52 min, 3.15 min 
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rel- (4R, 6s)-6-Cyclohexyl-5,6-dihydro-3-methyl-4-phenyl-1,2-oxazine N-Oxide (7b) [MX-2-
06] 
 
To a magnetically stirred cold (-78 oC) solution of nitroalkene 4 (32.6 mg, 0.2 mmol) in 
CH2Cl2 (0.5 mL) in a 5 mL two-neck flask under nitrogen was added a solution (premixed at 
room temperature for 1 h) of 2,6-diphenylphenol (296 mg, 1.2mmol, 6.0 equiv) and Me3Al (2.0 
M in toluene, 300 μL, 0.60 mmol, 3.0 equiv) in CH2Cl2 (1.0 mL).  The resultant solution was 
warmed over 10 min to 0 oC, maintained at 0 oC for 20 min, then poured into a vigorously stirred, 
ice-cold, saturated NaHCO3 solution (20 mL), and was allowed to warm to room temperature.  
The mixture was taken up in 20ml of ether and washed with water (2 ×10 mL), brine (10 mL), 
and the aqueous washes were back extracted with ether (2 ×20 mL). The organic extracts were 
dried (Na2SO4) and concentrated in vacuo and purified by silica gel chromatography 
(hexane/EtOAc, 6/1, 4/1, 2/1) to afford 40 mg (70%) of 7b as a colorless oil. 
Data for 7b:    
 1H NMR:  (400 MHz, CDCl3) 
 7.36-7.18 (m; 5 H), 5.50 (t, J = 2.4; 1 H, HC(6)), 3.87 (m,2 H, HC(1’), HC(4)), 
2.40(ddd, J = 2.0, 7.6, 13.6; 1 H, HC(5)), 2.14 (ddd, J = 2.8, 11.2, 14.0, 1 H, 
HC(5)), 1.88 (s; 3 H, HC(7)), 2.04-1.15 (m; 10H) 
 13C NMR: (100 MHz, CDCl3) 
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 140.42, 129.44, 128.21, 127.92 123.41 (C3), 101.30 (C6), 77.86 (C1’), 40.93 (C5), 
34.70 (C4), 32.14 (C2’), 25.69 (C4’), 23.97 (C3’), 19.37 (C7) 
TLC:   Rf 0.17 (hexane/EtOAc, 4/1) [silica gel, p-anisaldehyde]  
 
SiCl4/HMPA Promoted Cycloaddition of Cyclohexyl Vinyl Ether with 4 [MX-2-08] 
 
Cyclohexyl vinyl ether (42 μL, 0.30 mmol, 1.5 equiv) was added to a cold (-78˚C) 
solution of nitroalkene 4 (33 mg, 0.20 mmol), SiCl4 (68 μL, 0.60 mmol, 3.0 equiv.) and Lewis 
base (HMPA 108μL, 0.60 mmol, 3.0 equiv.) in CH2Cl2 (1.0 ml) in a 5 mL two-neck flask 
equipped with gas inlet septum and a magnetic stirring bar inside under nitrogen.  After 1 h, the 
reaction mixture was warmed to and maintained at 0˚C.  After 1 h, the reaction mixture was 
warmed to room temperature and allowed to stir for 18 h.  Then the reaction mixture was poured 
into a vigorously stirred, ice-cold, saturated NaHCO3 solution (20 mL).  The mixture was further 
stirred for 30 minutes at room temperature, then taken up in 20ml of ether and washed with water 
(2 ×10 mL), brine (10 mL), and the aqueous washes were back extracted with ether (2 ×20 mL).  
The organic extracts were dried (Na2SO4) and concentrated in vacuo.  The crude product was 
analyzed by 1H NMR.  No desired product was observed. 
 
 
 
  
 
205
Methyl 4-Nitro-3-phenylbutanoate (11) [MX-2-13] 
 
To a magnetically stirred solution of Ti(Oi -Pr)4 (86 mL, 0.30 mmol, 1.0 equiv) in 
CH2Cl2 (0.5 mL) in a 5 mL two-neck flask under nitrogen was added TiCl4 (33 mL, 0.30 mmol 
1.0 equiv).  The mixture was allowed to stir at room temperature for 30 min, then was added 
dropwise to a cold (-78 oC) solution of nitroalkene 10 (44.7 mg, 0.30 mmol) in CH2Cl2 (1.0 mL) 
in a 5 mL two-neck flask under nitrogen, followed by ketene acetal 8 (130 mL, 0.6 mmol, 2.0 
equiv) added slowly.  The resulting solution was allowed to stir at -78 oC.  After 1 h, the solution 
was warmed up and allowed to stir at 0oC for 3h.  Then the reaction mixture was poured into a 
vigorously stirred, ice-cold, saturated NaHCO3 solution (20 mL) and was allowed to warm to 
room temperature.  The mixture was taken up in 20ml of ether and washed with water (2 ×10 
mL), brine (10 mL), and the aqueous washes were back extracted with ether (2 ×20 mL). The 
organic extracts were dried (Na2SO4) and concentrated in vacuo and purified by silica gel 
chromatography (hexane/EtOAc, 6/1, 4/1, 2/1) to afford 20 mg (30%) of 11 as a colorless oil. 
Data for 11:    
 1H NMR:  (500 MHz, CDCl3) 
 7.36-7.21 (m; 5 H), 4.74 (dd, J = 7.0, 12.5, 1 H, HC(4)), 4.64 (dd, J = 8.0, 12.5, 1 
H, HC(4)), 3.99 (m, J = 7.5, 1 H, HC(3)), 3.64 (s, 3 H, HC(5)), 2.78 (d, J = 7.5, 2 
H, HC(2)) 
 13C NMR: (100 MHz, CDCl3) 
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 171.71(C1), 138.48, 129.34, 128.31, 127.52, 79.61 (C4), 52.22 (C5), 40.36 (C2), 
37.74 (C3) 
TLC:   Rf 0.12 (hexane/EtOAc, 4/1) [silica gel, p-anisaldehyde]  
 
SiCl4/HMPA Promoted Addition of 8 with 10 at Promoted Temperature [MX-2-24] 
 
Ketene acetal 8 (160 μL, 0.75 mmol, 1.5 equiv) was added to a cold (-78 ˚C) solution of 
nitroalkene 10 (75 mg, 0.50 mmol), SiCl4 (63 μL, 0.55 mmol, 1.1 equiv), HMPA (120 μL, 0.55 
mmol, 1.1 equiv) and DIPEA (9 μL, 0.05 mmol, 0.1 equiv.) in CH2Cl2 (1.0 ml) in a 5 mL two-
neck flask under nitrogen.  After 1 h, the reaction mixture was warmed to and maintained at 0 ˚C.  
After 1 h, the reaction mixture was warmed to room temperature and allowed to stir for 18 h. 
Then the reaction mixture was then poured into a vigorously stirred, ice-cold, saturated NaHCO3 
solution (20 mL).  The mixture was further stirred for 30 min at room temperature, then was 
taken up in 20ml of ether and washed with water (2 ×10 mL), brine (10 mL), and the aqueous 
washes were back extracted with ether (2 ×20 mL).  The organic extracts were dried (Na2SO4) 
and concentrated in vacuo.  The crude product was analyzed by 1H NMR. 
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SiCl4/HMPA promoted addition of 8 with 10 at Low Temperature [MX-2-26] 
 
Ketene acetal 8 (160 μL, 0.75 mmol, 1.5 equiv) was added to a cold (-50 ˚C) solution of 
nitroalkene 10 (75 mg, 0.50 mmol), SiCl4 (63 μL, 0.55 mmol, 1.1 equiv), HMPA (120 μL, 0.55 
mmol, 1.1 equiv) and DIPEA (9 μL, 0.05 mmol, 0.1 equiv) in CH2Cl2 (1.0 ml) in a 5 mL two-
neck flask under nitrogen.  After 48 h, the reaction mixture was poured into a vigorously stirred, 
ice-cold, saturated NaHCO3 solution (20 mL).  The mixture was further stirred for 30 min at 
room temperature, then was taken up in 20ml of ether and washed with water (2 ×10 mL), brine 
(10 mL), and the aqueous washes were back extracted with ether (2 ×20 mL).  The organic 
extracts were dried (Na2SO4) and concentrated in vacuo.  The crude product was analyzed by 1H 
NMR.  No desired product was observed. 
 
4-Nitro-3-phenylbutylaldehyde (12) [MX-2-23]  
 
To a magnetically stirred cold (-78 oC) solution of nitroalkene 10 (44.7 mg, 0.30 mmol) 
in CH2Cl2 (1.0 mL) in a 5 mL two-neck flask under nitrogen was added a solution of Me3Al (2.0 
M in toluene, 300 μL, 0.60 mmol, 2.0 equiv), followed by trimethyl silyl vinyl ether 9 (65 μL, 
0.45 mmol, 1.5 equiv) added slowly.  The resultant solution was allowed to stir at -78 oC for 30 
min, then another portion of trimethyl silyl vinyl ether 9 (65 μL, 0.45 mmol, 1.5 equiv) was 
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added slowly.  The solution was warmed over 30 min to 0 oC, then poured into a vigorously 
stirred, ice-cold, saturated NaHCO3 solution (20 mL) and was allowed to warm to room 
temperature.  The mixture was taken up in 20ml of ether and washed with water (2 ×10 mL), 
brine (10 mL), and the aqueous washes were back extracted with ether (2 ×20 mL).  The organic 
extracts were dried (Na2SO4) and concentrated in vacuo and purified by silica gel 
chromatography (hexane/EtOAc, 6/1, 4/1, 2/1) to afford 35 mg (70%) of 12 as a colorless oil. 
Data for 12:    
 1H NMR:  (500 MHz, CDCl3) 
 9.71 (t, J = 1.0, 1 H, HC(1)), 7.37-7.22 (m; 5 H), 4.68 (dd, J = 7.0, 12.5, 1 H, 
HC(4)), 4.63 (dd, J = 7.5,12.5,1 H, HC(4)), 4.08 (quint, J = 7.5, 1 H, HC(3)), 2.96           
(dd, J = 1.5, 7.5, 1 H, HC(2)), 2.95 (dd, J = 1.0, 7.0, 1 H, HC(2)) 
 13C NMR: (100 MHz, CDCl3) 
 199.03(C1), 138.35, 129.47, 128.29, 127.63 (Ph), 79.63 (C4), 46.66 (C2), 38.18 
(C3) 
TLC:   Rf 0.12 (hexane/EtOAc, 4/1) [silica gel, p-anisaldehyde]  
 
SiCl4/HMPA Promoted Addition of 9 with 10 at Promoted Temperature [MX-2-25] 
NO2
+
NO2
CHO
PhPh
OTMS
10 9 12
SiCl4 (1.1 equiv)
Lewis base (1.1 equiv)
DIPEA (0.1 equiv)
-78 oC to rt / 18 h
 
Silyl enol ether 9 (113 μL, 0.75 mmol, 1.5 equiv) was added to a cold (-78˚C) solution of 
nitroalkene 10 (75 mg, 0.50 mmol), SiCl4 (63 μL, 0.55 mmol, 1.1 equiv.), HMPA (120 μL, 0.55 
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mmol, 1.1 equiv) and DIPEA (9 μL, 0.05 mmol, 0.1 equiv.) in CH2Cl2 (1.0 ml) in a 5 mL two-
neck flask under nitrogen.  After 1 h, the reaction mixture was warmed to and maintained at 0 ˚C.  
After 1 h, the reaction mixture was warmed to room temperature and allowed to stir for 18 h.  
Then the reaction mixture was then poured into a vigorously stirred, ice-cold, saturated NaHCO3 
solution (20 mL).  The mixture was further stirred for 30 min at room temperature, then was 
taken up in 20ml of ether and washed with water (2 ×10 mL), brine (10 mL), and the aqueous 
washes were back extracted with ether (2 ×20 mL).  The organic extracts were dried (Na2SO4) 
and concentrated in vacuo.  The crude product was analyzed by 1H NMR.  No desired product 
was observed. 
 
SiCl4/HMPA Promoted Addition of 9 with 10 at Low Temperature [MX-2-27] 
 
Silyl enol ether 9 (160 μL, 0.75 mmol, 1.5 equiv) was added to a cold (-50 ˚C) solution of 
nitroalkene 10 (75 mg, 0.50 mmol), SiCl4 (63 μL, 0.55 mmol, 1.1 equiv), HMPA (120 μL, 0.55 
mmol, 1.1 equiv) and DIPEA (9 μL, 0.05 mmol, 0.1 equiv) in CH2Cl2 (1.0 ml) in a 5 mL two-
neck flask under nitrogen.  After 48 h, the reaction mixture was poured into a vigorously stirred, 
ice-cold, saturated NaHCO3 solution (20 mL).  The mixture was further stirred for 30 min at 
room temperature, then was taken up in 20ml of ether and washed with water (2 ×10 mL), brine 
(10 mL), and the aqueous washes were back extracted with ether (2 ×20 mL).  The organic 
extracts were dried (Na2SO4) and concentrated in vacuo.  The crude product was analyzed by 1H 
NMR.  No desired product was observed. 
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HMPA Promoted Addition of 13 with 10 at Low Temperature [MX-2-48] 
 
To a cold (-70 ˚C) solution of nitrostyrene 10 (48 mg, 0.30 mmol) and ketene acetal 13 
(74 mg, 0.37 mmol, 0.12 equiv) in CH2Cl2 (1.0 ml) in a 5 mL two-neck flask under nitrogen was 
added HMPA (42 μL, 0.37 mmol, 0.12 equiv).  After 1 h, the reaction mixture was warmed to -
20˚C and stood at the same temperature for 15h. Then the reaction mixture was poured into a 
vigorously stirred, ice-cold, saturated NaHCO3 solution (20 mL).  The mixture was further 
stirred for 30 min at room temperature, then was taken up in 20ml of ether and washed with 
water (2 ×10 mL), brine (10 mL), and the aqueous washes were back extracted with ether (2 ×20 
mL).  The organic extracts were dried (Na2SO4) and concentrated in vacuo.  The crude product 
was analyzed by 1H NMR.  No desired product was observed.  No desired product was observed. 
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